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ABSTRACT
Inductively coupled plasma-source mass spectrometry (ICP-MS) is a 
powerful tool in multielemental analysis and has been used to find the 
composition of many diverse materials in recent years. Traditionally, 
samples are dissolved for introduction to the ICP by means of a 
pneumatic nebuliser.
Laser ablation of solids for the direct introduction of sample 
material to the ICP is an attractive alternative to pneumatic 
nebulisation offering a number of analytical advantages, but 
particularly the speed and ease of working directly from the solid.
In this work a ruby laser and the Surrey prototype ICP-mass
spectrometer were used to assess the possibility of using a laser for 
solid sample introduction to ICP-MS. Systematic studies of the 
influence of parameters such as sample matrix composition, laser pulse 
energy, plasma gas flows, etc., on system response were undertaken 
with a view to optimising analytical performance.
The feasibility of the analysis of metals, rocks, soils, sediments, 
leaf material, animal tissue, and some foodstuffs, has been
investigated. This was achieved by the use of standard reference
materials and intra and inter-analytical comparisons.
For many matrices analyses can be obtained using integrations covering 
the full mass scan with calibration against matrix-matched standards. 
Such procedures allow the determination of analyte concentrations. in 
the ug g-1 range. Concentrations in the ng g-1 region can be detected
1using short mass scans.
The main difficulty with the technique lies in the matrix dependent 
nature of the ablation process. Despite this, most of the anticipated 
advantages of the method are realised in practice. Laser ablation ICP- 
MS is likely to find increasing application for rapid trace analysis, 
particulary to high technology and biological materials.
i i i
Men and women are not content to comfort themselves with tales of
gods The effort to understand the universe is one of the few
things that lifts human life a little above the level of farce, and 
gives it some of the grace of tragedy
Steven Weinberg
The true delight is in the finding out, not in the knowing
Isaac Asimov
To freethinkers, a rare and feared species
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CHAPTER 1
1.0 INTRODUCTION 
1■1 Inorganic analysis
1.1.1 Demand for the determination of elemental concentrations 
Knowledge of the elemental composition of particular matrices is 
required in diverse fields of investigation. For example, the 
elemental contents of body tissues and fluids have been shown to be 
indicators of health or disease in man (Underwood, 1977). In 
electronics and metallurgy the properties of materials such as 
semiconductors, ceramics and alloys are known to depend strongly on 
the presence of trace impurities, i.e elements at levels of less than 
or about 1 ug g-1 (Gray, 1988a). In addition, the concentrations of 
various elements in rocks are indicative of their complex history of 
formation and are therefore of interest to geologists (Elias et al., 
1989). Also, elemental analysis of air particulates, plants and animal 
matter is necessary in the monitoring of environmental pollution 
(Ward, 1988).
These few examples illustrate the enormous requirement for the 
elemental analysis of disparate matrices. Some of the principal 
methods of satisfying this demand are indicated below.
1.1.2 Analysis techniques
Mass spectrometry (MS), which was pioneered by J.J. Thomson and F.W. 
Aston early in this century, involves the ionisation of sample 
material with subsequent ion separation on the basis of charge to mass 
ratio. There are numerous designs of mass spectrometer; each one 
suitable for analysing particular materials. Comprehensive summaries 
of recent developments in atomic mass spectrometry are available
2
(Adams et al., 1988; Koppenaal, 1988).
Excellent detection limits can be obtained, e.g. in the analysis of 
solids by spark-source mass spectrometry. Values in the range 1 to 10 
ng g-1 are typical (Ramendik et. al., 1988). However, sample 
preparation is difficult, the spectra obtained are complicated, and 
throughput is very slow for low level determinations (Gray, 1985a).
Secondary Ion Mass Spectrometry (SIMS) is a very useful multielementa1 
technique, capable of the analysis of bulk material at the ng g-1 
level. Microanalysis is also possible, with a lateral resolution of 
about 5 micrometers, and detection limits of a few ug g-1. The major 
difficulty with this technique is the availability of suitable
standards (Grasserbauer, 1985) .
Glow discharge mass spectrometry (GDMS) has attracted renewed interest 
in recent years as a means of elemental analysis. Detection limits in 
the ng g-1 range have been obtained. Precisions are typically around 5 
% and there are few spectral interferences. At the present stage of 
development, however, the technique is mainly confined to the analysis 
of metals (Harrison, 1988).
Flame atomic absorption spectrometry (FAAS), which involves the 
production of free atoms by feeding sample matrix particulates into a 
flame and then detecting the amount of absorption of an element-
specific optical wavelength, has found application in laboratories
world-wide. However, since sample introduction, by means of a
nebuliser and spray-chamber, is very inefficient, other methods have
3
been developed.
Electrothermal (flameless) atomisers use the passage of an electrical 
current to raise the temperature of a sample container by resistive 
heating. Carbon furnaces, rods, cups, and a number of structures such 
as tantalum, molybdenum and tungsten tubes, wires, and ribbons, have 
been used. Typically 5-100 uL of liquid sample are introduced to the 
furnace and a three-stage heating program is used. This consists of 
drying, ashing and atomisation. Low temperature drying (<110 C), is 
followed by ashing (for organic matrices). Atomisation involves rapid 
heating to 2000 C or more in a few seconds; a transient plume of 
atomic vapour being produced. Problems can arise from the complicated 
heating steps, e.g. loss of lead if it is in the form of chloride, 
leading to low determined lead concentrations.. Specialised procedures 
are needed to overcome such difficulties.
Both flame and non-flame techniques are well established. Detection 
limits for GFAAS are about 100 smaller than those of FAAS. Against 
this, however, both techniques are not routinely capable of 
determining more than one element at a time.
Atomic fluorescence spectrometry (AFS) as a method of chemical 
analysis was first proposed by Winefordner and Vickers (1964) . Sample 
material is vaporised in a flame and radiation from a primary source 
is directed at the vapour. Detection of the characteristic radiation 
then emitted by the sample, allows the quantitation of analyte 
present. Detection limits lie in the range 0.001 to 4000 ng mL-1 
(Christian & O'Reilly, 1986). A dye laser is the most suitable primary
4
source g iv in g  th e b e st d e te c tio n  l i m i t s . However, th e se  a re  c u rre n tly
very expensive.
Atomic emission spectroscopy (AES) is based on the fact that if enough 
energy is coupled to a small sample of a matrix of interest, it will 
be vaporised and emit light. The characteristic spectra of individual 
elements may be discerned, and their concentration related to the 
intensity of the lines.
Many forms of excitation have been employed for AES, but overall the 
inductively coupled plasma (ICP) has been the most successful for 
multielement trace analysis. The ICP-AES combination has found 
widespread application due to its low limits of detection (0.001 - 50 
ng mL-1) and its ability to determine many elements simultaneously. 
Yet spectra of geochemical and environmental samples, which are 
obviously of great interest, can be very complex (Date & Gray, 1981) .
X-ray fluorescence (XRF) is an accurate and precise method frequently 
used for the determination of the major constituent elements of 
samples. It is based on the observation that when a specimen is 
irradiated with a beam of sufficiently short-wavelength X radiation, 
characteristic X-ray spectra are generated. XRF methods can be applied 
for concentrations ranging from several ug g-1 in favourable cases, to 
essentially 100 % by weight. However, considerable skill is needed to 
apply methods to correct for matrix effects.
The principle of neutron activation analysis (NAA) is to induce 
radioactivity in the material of the sample and then to measure
5
radiation specific to each element being determined. Neutrons are 
chosen as the irradiation source since the probability of activation 
is greater than with charged particles which need to overcome the 
coulomb barrier. Similarly, gamma-rays rather than beta-rays are 
chosen for the identification and assessment of induced activity, 
since they exhibit discrete energies and are not subject to 
significant absorption within the sample.
NAA has the advantages of detection limits of 1 to 50 ng mL-1 (Ward et
al., 1989) and the simultaneous determination of many elements. Exact
detection limits depend upon the irradiation conditions used and the
elements of interest. A number of elements can be determined
simultaneously, depending on the counting time used, which itself
depends on the half-life of the isotopes generated. Short-lived
nuclides such as 28A1 (t^^ “ 2.3 m) , 88Br (t.^2 = 1 7 . 1  m) , 48Ca (t^^
= 8.8 m) , etc., can be counted together. However, the technique is
expensive since it requires time on a suitably equipped reactor
capable of supplying thermal and epithermal neutron fluxes of about 
1210 n cm-2s-l. Moreover, some elements, such as B, Be, C, H, Li, and
Pb, cannot be routinely determined, whilst others require
6 flprohibitively long counting times. The latter include Co (t i/2 =
5.27 years), 65Zn ( t ~  244 days), and 59Fe (tiy2 = 45.1 days). In
addition, liquids may not be irradiated directly because of the
possibility of subsequent leakage of radioactive material.
By the 1970's, the limitations of the above techniques together with 
demand from raw material industries, water supply organisations, life 
scientists and others for solution analysis at levels of 10 ng mL-1 or
6
below led to attempts at improvement in analytical performance. 
Several research teams tried to couple plasma ionisation sources with 
quadrupole mass spectrometers to give a rapid, sensitive, multielement 
determining technique. After working with a direct current plasma 
(DCP), it was realised that the ICP was a more promising ionisation 
source and almost a decade ago Houk et al,. (1980) successfully 
extracted ions from an ICP at atmospheric pressure directly into a 
mass spectrometer. Following this progress was rapid and the first 
commercial system was launched in 1983. Details of the evolution of 
ICP-MS are given elsewhere (Gray, 1985a). A thorough assessment of its 
analytical capabilities has recently been completed (Williams, 1989a).
The early promise of ICP-MS has been largely realised. The ICP 
generates predominantly singly charged positive ions which are 
extracted through a specially designed interface into a quadrupole 
mass spectrometer. Thus they are separated on the basis of charge to 
mass ratio. The high sensitivity of the mass spectrometer and the 
accompanying low background levels yield detection limits typically of
0.01 to 1 ng mL-1 in aqueous solution.
It is clear from the overview of these different techniques that the 
one most appropriate in a particular case depends upon the elements 
of interest, the detection limits required, restraints on analysis 
time, etc. Mass spectrometric techniques tend to provide very good 
detection limits, traditionally at the expense of slow sample 
throughput. GFAAS is very sensitive, but allows the determination of 
only one element at a time. ICP-MS offers excellent limits of 
detection, wide dynamic range, and multielement capability. Only a few
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elements cannot be analysed, and in the main, spectral interferences 
do not present insurmountable barriers to analysis. Table 1 compares 
the detection limits of a number of the techniques discussed above.
1.1.3 Sample introduction systems
Clearly the appropriateness of a system of sample introduction depends 
on the analytical technique used. XRF requires that a specimen be of a 
suitable geometry to be irradiated and that allows the resulting X- 
rays to be detected. Use of a nuclear reactor, as in NAA, necessitates 
employment of a compressed air system to input and retrieve samples. 
In spark-source mass spectrometry a finely dispersed powder must be 
produced for mixture with a conductor to produce the sample-containing 
electrode.
However, FAAS, ICP-AES and ICP-MS have traditionally used solution 
nebulisation as a means of sample introduction. A number of 
alternative techniques, which may improve detection limits, the degree 
of interference from matrix components or solvents, measurement 
precision and, speed and ease of analysis, have been tried with ICP- 
AES. Therefore it was a logical step to extend these to ICP-MS with a 
view to obtaining some analytical advantage. The rich variety of 
options attempted are highlighted below.
Sample material must be introduced to the centre of the ICP to achieve 
desolvation, melting, vaporisation, dissociation and ionisation. The 
ICP can accept vapour, microdroplets or microparticulates. Gray and 
Date (1983) were able to present sample vapour to the ICP by heating 
microlitre volumes of liquid in a system of the type used in graphite
8
Table 1 i Comparison of Detection Limits for Different
A n a ly t i c a l  T ech n iq ues  (ng mL-1)
Element XRF FAAS GFAA3 ICP-AES I CP-MS NAA
( 1) ( 2) ( 3) (4) (4) (4)
Li - - - 2 0.01 -
Be - - 0.003 0.001 0.01 -
Mg - - 0.0002 0.003 0.01 50
Al - 30 0.1 0.8 0.01 30
P - - - 15 0.1 -
K 3.5 - 0 . 004 200 10 20
Ca 4.5 - 0.05 0.01 ' 10 500
V 5 40 0.1 0.06 0.01 0.5
Cr 5 2 0.004 0.8 0.01 0.5
Mn 6 1 0.0005 0.02 0.01 0.1
Fe 5 3 0.01 0.09 0.1 10
Co 3 6 0.08 3 0.001 0.5
Ni 3 4 0.05 0.1 0.01 0.6
Cu - 1 0.005 0.6 0.01 3
Zn 4.5 0.8 0.001 0.01 0.01 5
As 5 - 0.08 2 0.01 1
Mo - 30 - 0.1 0.01 0.2
Sn - - 0.03 3 0.01 30
Cd - 0.5 0.0002 0.2 0.01 5
Ba 12 8 0.04 0.01 0.01 10
Au - 6 - 40 0.001 0.3
Hg - - 0.2 10 0.01 1
Pb 3 10 0.07 1 0.01 -
Bi - 20 - 50 0.001 -
U 6 - - 30 0.001 2
( 1) P o t to  ( 1987)
( 2) C h r io t i a n  & O 'R e i l l y  ( 1986)
(3) Hunt & W ilson ( 1986)
(4) Ward ( 1989)
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furnace AAS. Similar schemes for electrothermal volatilisation (ETV) 
have been reported more recently (Park et al., 1987; Gregoire, 1988;
Park & Hall, 1988) . This method has found successful application in 
the determination of iron isotope ratios in small volumes of blood 
(Whittaker et al., 1989). Similarly, arc nebulisation of solid,
conducting samples has been developed for ICP-MS (Jiang & Houk, 1986). 
Small sample masses have also been inserted directly into the centre 
of the plasma on a tungsten wire loop (Boomer et al., 1986) .
A slurry may be produced by grinding sample material to fine 
particulates and suspending these in water together with a suitable 
dispersant. Spraying this slurry into the ICP via a pneumatic 
nebuliser has proved to give good analytical results in the analysis 
of soils and industrial catalysts by ICP-MS (Williams et al.., 1987).
Liquid volumes of more than 50 microlitre are too great for 
introduction by ETV. Flow injection, which is described elsewhere 
(Gray, 1988b; Dean et al.., 1988), may prove effective in such cases.
The introduction of gaseous hydrides of elements such as As, Se, and 
Hg into an ICP mass spectrometer, can reduce detection limits for 
these elements by 1 or 2 orders of magnitude (Powell et ai., 1986).
The other major alternative to solution nebulisation is laser ablation 
of solids. Here, a laser is used to remove sample material directly 
from the solid as vapour and microparticulates and these are entrained 
in the carrier gas flow and thus transported to the ICP. Such a system 
could be expected to have advantages over solution nebulisation for
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some types of sample and these are outlined in the following section. 
Since laser ablation is the principal topic of this work it is 
important to have an overview of the history of its maturation/ and it 
is to this that attention is now given.
1•2 Laser ablation for the direct sampling of solids
1.2.1 Introduction
The strong allure of the direct sampling of solids lies especially 
with its simplicity and quickness compared to other methods. So 
following very shortly after the invention of the ruby laser by Maiman 
(1960) it was realised that such a device may be used for solid 
sampling/ and also for excitation of the resulting species. A large 
number of different systems were developed and full discussion of 
these is not practicable here, but a synopsis of the more significant 
laser-detector combinations is given. Some of these are also discussed 
in two recent comprehensive reviews (Dittrich & Wennrich, 1984; 
Moenke-Blankenburg, 198 6) .
1.2.2 Laser mass spectrometry
In 1963 the feasibility of the use of laser mass spectrometry (LMS) 
was indicated by the first publication in this field (Honig & 
Woolston, 1963) . A slightly modified Mattauch-Herzog spark-source mass 
spectrometer was used to obtain spectra of ions from laser-pulse 
plumes. Since this work numerous similar techniques have been employed 
making use of the increasingly sophisticated laser technology.
That different lasers may be employed is illustrated by the fact that 
Fenner and Daly (1968) used a Q-switched ruby laser in the analysis of
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alumina whiskers and human hair, whilst high repetition rate free- 
running pulses from a neodymium laser were used by Scott et al. (1971) 
to measure several elements in rocks. Detection limits in the latter 
study were less than one ug g-1.
Both time-of-flight and double-focusing mass spectrometers have been 
employed; the latter was used by Jansen and Witmer (1982) in 
combination with a Q-switched laser, for the semiquantitative analysis 
of inorganic materials. Critical reviews of the laser-mass 
spectrometer combination are available (Conzemius & Capallen, 1980; 
Hercules, 1988; Simons, 1988) .
LMS thus has a long and successful history; but it also has some 
limitations. Firstly, full quantitation is not always possible. 
Secondly, the sampling and ionisation steps are both accomplished by 
the laser pulses and so cannot be optimised separately.
1.2.3 Laser - atomic absorption spectrometry
Researchers at ITT Industrial Laboratories used the concentrated 
output of a gigawatt pulsed laser to atomise certain phosphor and 
photocathode materials for analysis by atomic absorption (Atwill, 
1964). The high laser output was not advantageous however, due to the 
near total obliteration of the sample, wear on optical elements and 
high capital outlay.
Three years later Mossotti et aJL« (1967) reported the use of a pulse 
of focused laser light of medium energy to atomise microportions (0.1- 
10 ug) of analytical materials for AAS. The primary light source was a
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xenon lamp. Calibration curves for Ca, Ag and Cu in graphite were 
produced; detection limits being 25, 40 and 35 ug g-1 respectively.
Similar work followed, e.g. Ishizuka et al. (1977) used a ruby laser- 
AAS combination for the determination of Al, Cr, Cu, Fe, Mn, Mo, Ni 
and V in metals. The difference in this later study was that the 
chamber for atomising solid sample was separate from the absorption 
path.
Laser-AAS has been gradually refined and extended (Dittrich &
Wennrich, 1980; Uzunbadzhakov et al., 1981; Wennrich et al., 1984) . A
laser has even been used to ablate sample material into the inner 
surface of a graphite furnace (GF) for subsequent analysis by
conventional GFAAS (Wennrich & Dittrich, 1987). Disadvantages of this 
and congruous systems include poor reproducibility and the presence of 
many interferences.
The possibility of using a continuous-wave low power laser in 
combination with AAS has recently been explored (Gagne et al., 1988). 
While this technique shows some promise, it seems likely that samples 
will be restricted to those of low thermal conductivity.
1.2.4 Laser - atomic fluorescence spectrometry
Highly selective excitation of analyte ions is possible by means of 
tunable lasers which have been available for some time (Schafer et
al., 1966). As noted by Stefani (1981) progress in the development of
laser-AFS combinations allowed the construction of a very sensitive 
system capable of in situ analysis. Later improvements enabled the
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determination of some elements down to the ng g-1 level (Ezhov et al., 
1987) . Moreover, research into laser induced fluorescence (LIF) is 
continuing (Omenetto, 1989).
1.2.5 Laser - atomic emission spectrometry
Lasers for solid sampling have been combined with various plasmas for 
atomisation and excitation. The microwave induced plasma (MIP) has 
been found effective (Leis & Laqua, 1978; Ishizuka & Uwamino, 1980; 
Leis et al., 1983; Leis & Laqua, 1984) as has the DCP. The latter was 
used by Sneddon and Mitchell (1986) in the analysis of metals. Linear 
calibrations were obtained over 2 or 3 orders of magnitude, and 
detection limits (18-131 ug g-1) were slightly inferior to those 
available with MIP-AES (2.4-22 ug g-1). The same group determined 
copper in pelletised powder and solid samples; multiple low energy 
pulses from a Nd:YAG laser were used for ablation (Mitchell et al.,
1987).
Experimentation with alternatives to the above plasma sources has been 
undertaken, e.g. Zhu et al. (1988) ablated sample material with a ruby 
laser for deposition on a collector. The deposit was then excited by a 
5-A d.c. arc and the resulting spectra examined using a grating 
spectrograph. For metals in pyrite deposits of 1 ug yielded detection 
limits of 1 ng.
However, the laser ablation (LA) ICP-AES combination is perhaps the 
most versatile.
Over a decade ago the first paper on LA-ICP-AES, describing a system
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capable of a multielement analysis every ten seconds, was presented at 
Pittsburgh (Abercrombie, 1977) . A few years later, separately 
available commercial components were combined to form a laser-ICP 
microprobe (Thompson et al., 1981). Linear response-concentration 
plots were obtained from standard steel samples. Estimated detection 
limits ranged from 10 to 80 ug g-1. Almost simultaneously laboratories 
in Canada and Japan completed complementary feasibility studies of LA- 
ICP-AES systems; again metal samples were used (Carr & Horlick, 1982; 
Ishizuka & Uwamino, 1983). The Canadian workers found that free- 
running laser pulses resulted in a significantly better spectrum than 
when Q-switching was used because of the larger sample size of the 
former and consequently less susceptibility to sample inhomogeneities. 
Similarly, the team in Japan found lower detection limits were 
obtained using the free-running mode.
Using the system at Imperial College, already mentioned above, 
identification of heavy mineral grains was accomplished by Thompson 
and Hale (1984). This was a first step towards quantitative, 
multielementa1 analysis of rocks - a priority for this group.
A specific application in the steel industry, viz the need for rapid 
elemental analyses of solid or molten steel samples, led to the use of 
a Q-switched Nd:YAG laser (5 kHz repetition rate) for sample ablation 
(Cremers et al., 1985). The elements Ni, Cr, Si, Mn, Nb, Cu, Mo, V, 
Al, and W, could be determined at the levels required; typically 100 
ug g-1. Only for sulphur and phosphorus, where the desired levels of 
detection were 10 and 50 ug g-1 respectively, were detection limits 
inadequate.
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A focused XeCl excimer laser operating at 40 Hz with 50 xuJ per pulse 
has been used for the determination of nickel and chromium in 
stainless steel specimens (Tremblay et al., 1987). The advantages of
this apparatus for the rapid analysis of bulk materials and the 
acquisition of spatially-resolved data was noted. However, trace 
analysis was not possible due to the small amount of material 
introduced to the ICP.
Since the feasibility of the LA-ICP-AES combination has been proven, 
principally via tests on metals, attempts to analyse more difficult 
matrices have begun. For example, the analysis of glasses and copper 
shales, which is not easy because of poor laser-sample coupling and 
considerable inhomogeneity respectively, has been reported by a German 
team (Dittrich et al., 1987). Slag samples, pelletised in a copper 
ring or fused with Na2B407, have been analysed by LA-ICP-AES 
(Mochizuki et al., 1988a). The fusion method was generally more 
effective, yielding better accuracy and precision. However, the pellet 
method was found more appropriate for trace analysis.
Despite the above developments, applications involving a wider range 
of sample materials than reported previously, e.g. ceramics and 
biological materials, are needed to demonstrate the full scope of this 
potentially powerful technique.
1.2.6 Novel analytical laser systems
Multiple laser combinations have recently been used in a number of 
related techniques to achieve sub pg g-1 detection limits for certain 
elements under optimal conditions. The techniques referred to employ
16
ionised and the products of the ionisation process detected. The
ionisation step may be achieved by photoionisation, applying an 
electric field to the excited atoms, or by thermal collisions with 
other gas particles. The methods based on these processes are known 
respectively as resonance ionisation spectroscopy (Hurst & Payne,
1988), field ionisation spectroscopy (Bekov & Letokov, 1983), and
laser-enhanced ionisation (Travis et a£., 1984). However, the
complexity and expense of the equipment, and the interferences
observed with real matrices have prevented widespread application. 
Such systems are only likely to be of general interest after further 
development, and when cheap, tunable semiconductor diode lasers are 
available (Niemax, 1987).
1.2.7 Laser ablation ICP mass spectrometry (LA-ICP-MS)
1.2.7.1 Introduction
Before ICP-MS was proved to be practicable for elemental analysis, 
Gray (1975) advocated the use of a laser for sample introduction to 
the ICP. A decade later, the same author published the first report on
the suitability of a ruby laser for the ablation of solid material
into an ICP for mass spectrometry (Gray, 1985b).
The instigation of this work was motivated by a desire to overcome 
some of the problems encountered when using traditional pneumatic 
solution nebulisation for sample introduction to ICP-MS. Although the 
latter technique has been very successful in many applications and
allows calibration against aqueous standards, it has a number of 
pitfalls. These include the difficulties encountered in dissolving
tu n ab le la s e r s  to  produce e x c i te d  atom s. These atoms may then be
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particular matrices, for example milk powder, which require the use of 
strong oxidising agents that are hazardous and can introduce 
interferences into sample spectra by the formation of polyatomic ions 
(Gray, 1988b). Since the introduction of sample solutions containing 
high concentrations of acid also corrodes metal surfaces of the ICP 
spectrometer, such as the sampling cone and skimmer, some dilution is 
unavoidable and this degrades detection limits. In addition, since 
heating of the sample with acid is often required, contamination from 
reagents and digestion vessels, and the loss of volatile elements such 
as Hg and Se, can occur.
Dissolution protocols for particular matrices can be very time 
consuming and thus occupy a disproportionate amount of the analyst's 
day. For example, at least a complete working day is needed for the 
preparation of biological tissue by a nitric acid/hydrogen peroxide 
procedure (Beauchemin et al., 1988) . Ridout et al. (1988) used a 
similar technique, but requiring two days work, for the preparation of 
the marine reference material lobster hepatopancreas, TORT-1, 
(National Research Council, Canada).
An impediment to the analysis of particular elements in some matrices 
e.g. metals, arises from the production of oxide and hydroxide species 
of major elements in the sample matrix. These may lie on masses of 
interest. Vaughan and Horlick (1989) noted such problems, as well as 
suppression effects i.e. signal reduction due to the presence at major 
levels of another element, in an analysis of steels using solution 
nebulisation ICP-MS.
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I n  v i e w  o f  t h e  l i m i t a t i o n s  o f  s o l u t i o n  n e b u l i s a t i o n  a s  a  m e a n s  o f  
s a m p l e  i n t r o d u c t i o n  t o  IC P-M S, l a s e r  a b l a t i o n  i s  a  p r o m i s i n g  
a l t e r n a t i v e .  The f o l l o w i n g  a d v a n t a g e s  a r e  a n t i c i p a t e d :
(a )  a  w id e  r a n g e  o f  s u b s t a n c e s ,  i n c l u d i n g  n o n - c o n d u c t o r s  w h ich  a r e  
e x c l u d e d  f r o m  a r c - n e b u l i s a t i o n ,  may b e  s a m p l e d ;
(b )  l i t t l e  o r  no s a m p l e  p r e p a r a t i o n  s h o u l d  b e  n e c e s s a r y  a n d  t h e r e f o r e  
t i m e  m ay b e  s a v e d ,  a n d  t h e  p r o b a b i l i t y  o f  c o n t a m i n a t i o n  r e d u c e d ;
( c )  t h e  s a m p l e  r e m a i n s  a t  a t m o s p h e r i c  p r e s s u r e ;
(d) s a m p l e  i n t e r c h a n g e  i s  s i m p l e  a n d  r a p i d  e n a b l i n g  a  h i g h  t h r o u g h p u t ;
(e )  s a m p l e  i n t r o d u c t i o n  a n d  i o n i s a t i o n  c a n  b e  s e p a r a t e l y  o p t i m i s e d  
w h ic h  i s  a n  a d v a n t a g e  o v e r  s i m u l t a n e o u s  s a m p l i n g / i o n i s a t i o n  
i n s t r u m e n t s  s u c h  a s  t h e  LAMMA p r o b e ;
( f )  s i n g l e  l a s e r  s h o t s  may b e  u s e d  t o  o b t a i n  s p a t i a l l y - r e s o l v e d  d a t a ,
i . e .  e l e m e n t a l  c o n c e n t r a t i o n s  f o r  s p e c i f i e d  a r e a s  o f  l e s s  t h a n  o n e  
m i c r o m e t e r  d i a m e t e r ;
(g )  m u l t i p l e  l a s e r  s h o t s  a l l o w  l i n e ,  d e p t h ,  a r e a ,  a n d  b u l k  a n a l y s e s ;
(h) t h e  r e l a t i v e l y  s m a l l  w a t e r  l o a d i n g  o f  t h e  p l a s m a  when u s i n g  l a s e r  
a b l a t i o n  s h o u l d  g i v e  r i s e  t o  r e d u c e d  l e v e l s  o f  i n t e r f e r e n c e s  s u c h  a s  
p o l y a t o m i c  s p e c i e s  r e l a t e d  t o  w a t e r ,  a s  w e l l  a s  o x i d e  a n d  d o u b l y -  
c h a r g e d  i o n s ;
( i )  lo w  b a c k g r o u n d  l e v e l s  a n d  g o o d  l i m i t s  o f  d e t e c t i o n .
I t  i s  a l s o  w o r t h  n o t i n g  t h a t  o t h e r  s a m p l e  i n t r o d u c t i o n  s y s t e m s  may b e  
s u b s t i t u t e d  f o r  t h e  l a s e r  r e l a t i v e l y  e a s i l y .
To w e i g h - u p  a g a i n s t  t h e s e  a d v a n t a g e s ,  a  num ber  o f  d i f f i c u l t i e s  h a v e  
b e e n  e n c o u n t e r e d  ( G r a y ,  1 9 8 5 b ) . T h e s e  r e l a t e  t o  t h e  t r a n s i e n t  n a t u r e
1 . 2 . 7 . 2  P o t e n t i a l  o f  l a s e r  a b l a t i o n  IC P -M S
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o f  t h e  a r r i v a l  o f  a b l a t e d  m a t e r i a l  a t  t h e  I C P . D u r i n g  a n y  c h a n g e  i n  
i o n  i n p u t  i n t o  t h e  m a s s  s p e c t r o m e t e r  i t  s h o u l d  b e  p o s s i b l e  t o  
a c c u m u l a t e  n u m e ro u s  m a s s  s c a n s  o t h e r w i s e  u n r e p r e s e n t a t i v e  i n t e g r a l s  
a r e  o b t a i n e d .
I n  a d d i t i o n ,  t h e  r a t e  o f  a r r i v a l  o f  m a t t e r  a t  t h e  ICP m u s t  n o t  b e  h i g h  
e n o u g h  t o  c a u s e  p l a s m a  d i s e q u i l i b r i u m  s i n c e  t h i s  d i s r u p t s  t h e  e n t i r e  
i o n i s a t i o n  p r o c e s s . E v e n  i f  d i s e q u i l i b r i u m  i n  t h e  ICP i s  a v o i d e d ,  
i n t e g r a l s  o f  i n d i v i d u a l  m a s s e s  o f  m a j o r  e l e m e n t s ,  p r e s e n t  a t  t h o u s a n d s  
o f  u g  g - 1 ,  may s t i l l  b e  s a t u r a t e d .
C l e a r l y  p l a s m a  d i s e q u i l i b r i u m  m u s t  a l w a y s  b e  a v o i d e d .  I n d i v i d u a l  p e a k  
s a t u r a t i o n  c a n  b e  t o l e r a t e d  i f  t h e  p a r t i c u l a r  m a s s  i s  n o t  o f  i n t e r e s t ,  
o r  i f  t h e r e  i s  a  m i n o r  u n s a t u r a t e d  i s o t o p e  o f  t h a t  e l e m e n t .
T he  t r a n s p o r t  o f  e x c e s s i v e  m a t r i x  m a t e r i a l  t o  t h e  m a s s  s p e c t r o m e t e r  
c a n  a l s o  c a u s e  b l o c k a g e  o f  t h e  s m a l l  o r i f i c e s  u s e d  t o  s a m p l e  t h e  
i o n i s e d  a n a l y t e  d i r e c t  f r o m  t h e  I C P .
H o w e v e r ,  a l l  o f  t h e s e  p r o b l e m s  may b e  m ore  o r  l e s s  o v e r c o m e  b y  a  
c a r e f u l  c h o i c e  o f  l a s e r ,  IC P ,  a n d  s p e c t r o m e t e r  p a r a m e t e r s .  The m a j o r  
c h a l l e n g e  l i e s  w i t h  t h e  d e v e l o p m e n t  o f  c a l i b r a t i o n  p r o c e d u r e s  f o r  
f u l l y  q u a n t i t a t i v e  a n a l y s i s  o f  d i f f e r e n t  m a t r i c e s  o f  i n t e r e s t .
P u b l i s h e d  m a t e r i a l  d e a l i n g  s p e c i f i c a l l y  w i t h  LA -IC P-M S i s  l i m i t e d  a n d  
i s  m e n t i o n e d  a t  s u i t a b l e  p l a c e s  i n  t h e  t e x t ,  p a r t i c u l a r l y  i n  C h a p t e r  5 
( A p p l i c a t i o n s ) . A t  t h i s  s t a g e  i t  may b e  i n t e r e s t i n g  t o  n o t e  som e 
p r i n c i p a l  f i n d i n g s .  G r a y  (1 9 8 5 b )  w as  a b l e  t o  o b t a i n  c a l i b r a t i o n s  on
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B r i t i s h  G e o l o g i c a l  S u r v e y  (BGS) m i n e r a l  s t a n d a r d s ,  a n d  d e t e r m i n e  l e a d  
i s o t o p e  r a t i o s  i n  BGS g r a n i t e  G N l.  C o n c e n t r a t i o n s  b e l o w  1 u g  g - 1  w e re  
e a s i l y  s e e n  a n d  d e t e c t i o n  l i m i t s  e s t i m a t e d  t o  b e  10 n g  g - 1 .  A s i m i l a r  
l i n e  o f  i n v e s t i g a t i o n  h a s  b e e n  r e p o r t e d  m o re  r e c e n t l y  b y  w o r k e r s  i n  
J a p a n  who h a v e  u s e d  a  r u b y  l a s e r  a n d  a  c o m m e r c i a l  ICP-MS s y s t e m  t o  
a b l a t e  s i l i c a t e  r o c k s  a n d  s t e e l  ( M o c h i z u k i  e t  a l . ,  1 9 8 8 b ) .
A r r o w s m i t h  ( 1 9 8 7 )  p r o d u c e d  t h e  f i r s t  s t u d y  u s i n g  a  h i g h  r e p e t i t i o n  
r a t e  l a s e r .  A n a l y t i c a l  c u r v e s  f o r  N IS T  ( f o r m e r l y  NBS) m i c r o p r o b e  s t e e l  
s t a n d a r d s  w e re  f o u n d  t o  b e  l i n e a r  o v e r  f o u r  o r d e r s  o f  m a g n i t u d e  a n d  
e s t i m a t e d  d e t e c t i o n  l i m i t s  w e re  0 . 2  -  2 u g  g - 1 .
1 . 3  A im s o f  t h i s  w ork
T he o b j e c t i v e s  o f  t h i s  s t u d y  w e r e  t o  d e v e l o p  LA -IC P-M S i n  tw o w a y s :
(a )  t o  i n v e s t i g a t e  t h e  e f f e c t  o f  t h e  n u m e ro u s  p a r a m e t e r s  r e l a t i n g  t o  
t h e  l a s e r ,  s a m p l e ,  a n d  I C P - m a s s  s p e c t r o m e t e r  on s y s t e m  p e r f o r m a n c e ;
(b) t o  a s s e s s  t h e  p o s s i b i l i t y  o f  a n a l y s i n g  d i s p a r a t e  s a m p l e  m a t r i c e s ,  
b u t  p a r t i c u l a r l y  b i o l o g i c a l  m a t e r i a l s .
T h i s  w ork  i n v o l v e d  t h e  u s e  o f  a  r u b y  l a s e r  f o r  s a m p l e  a b l a t i o n  a n d  t h e  
S u r r e y  p r o t o t y p e  ICP m a s s  s p e c t r o m e t e r  f o r  a n a l y t e  i o n i s a t i o n  a n d  
d e t e c t i o n .  F u l l  d e t a i l s  o f  t h i s  a p p a r a t u s  a r e  g i v e n  i n  t h e  f o l l o w i n g  
c h a p t e r .
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2 . 0  INSTRUMENTATION
2 . 1  I n t r o d u c t i o n
I n  t h i s  c h a p t e r ,  t h e  p r i n c i p l e s  a n d  d e t a i l s  o f  t h e  ICP m a s s  
s p e c t r o m e t e r  a n d  t h e  l a s e r  s y s t e m  a r e  g i v e n .
2 . 2  I n d u c t i v e l y  c o u p l e d  p l a s m a  (ICP)
O r i g i n a l l y  d e v e l o p e d  a s  a n  a t o m i c  e m i s s i o n  s o u r c e  f o r  s o l u t i o n  
s a m p l e s ,  t h e  ICP h a s  b e e n  e x t e n s i v e l y  d e s c r i b e d  i n  t h e  l i t e r a t u r e  o f  
AES ( F a s s e l ,  1 9 7 7 ;  B o u m a n s ,  1 9 7 8 ) .  IC P-A E S h a s  b e e n  im m e n s e ly  
s u c c e s s f u l ,  e . g .  t h e r e  w e re  t e n  d i f f e r e n t  i n s t r u m e n t  m a n u f a c t u r e r s  i n  
t h i s  f i e l d  b y  1 9 8 1  ( B r o e k a e r t ,  1 9 8 1 ) .  The r e c e n t  p r o g r e s s  m ade i n  I C P -  
MS e n s u r e s  t h e  c o n t i n u a t i o n  o f  t h e  u s e  o f  t h i s  u s e f u l  i o n i s a t i o n  
s o u r c e .
I n  a n a l y t i c a l  c h e m i s t r y  a  p l a s m a  i s  a  h i g h l y  i o n i s e d  g a s ^  t h o u g h  
s t r i c t l y  t h i s  t e r m  a p p l i e s  o n l y  ^ c o n d i t i o n s  u n d e r  w h ich  100  %
i o n i s a t i o n  o c c u r s .  I n  t h e  c a s e  o f  t h e  ICP t h e  p l a s m a  i s  s u p p o r t e d  b y  
a r g o n  g a s  w h ich  f l o w s  f r o m  a  c y l i n d r i c a l  q u a r t z  t o r c h .  N e a r  t h e  m outh  
o f  t h e  t o r c h  a r e  a  f e w  t u r n s  o f  a  w a t e r -  c o o l e d  c o p p e r  c o i l .  An r . f .  
m a g n e t i c  f i e l d ,  t y p i c a l l y  o f  27  MHz a t  b e t w e e n  1 a n d  2 kw, i s  c o u p l e d  
i n d u c t i v e l y  t o  t h e  e l e c t r o n s  o f  t h e  g a s  w h ic h  a r e  a c c e l e r a t e d  i n  
c i r c u l a r  p a t h s  a r o u n d  t h e  m a g n e t i c  f i e l d  l i n e s  t h a t  r u n  a x i a l l y  
t h r o u g h  t h e  c o i l .  A f i r e b a l l  o f  t e m p e r a t u r e  u p  t o  10 000 K i s
p r o d u c e d .
The  i n i t i a l  e l e c t r o n  s e e d i n g  i s  p r o d u c e d  b y  a  s p a r k  d i s c h a r g e  f r o m  a  
T e s l a  c o i l ,  b u t  o n c e  t h e  e l e c t r o n s  r e a c h  t h e  i o n i s a t i o n  e n e r g y  o f  t h e  
s u p p o r t  g a s ,  f u r t h e r  i o n i s a t i o n  o c c u r s  a n d  a  s t a b l e  p l a s m a  i s  f o r m e d .
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The f i e l d  d o e s  n o t  p e n e t r a t e  t h e  g a s  u n i f o r m l y  a n d  t h e  g r e a t e s t  
c u r r e n t  f l o w  l i e s  a t  t h e  p e r i p h e r y .  T h i s  e f f e c t  i n  c o n j u n c t i o n  w i t h  a  
t a n g e n t i a l  g a s  f l o w  y i e l d s  a  d o u g h n u t - s h a p e d  p l a s m a .  T he  t e m p e r a t u r e  
z o n e s ,  a n d  t h e  d i f f e r e n t  r e g i o n s  o f  t h e  ICP a r e  show n i n  F i g u r e  1 .
The p l a s m a  a n d  t o r c h  a r e  show n i n  F i g u r e  2 .  T he  t o r c h  c o n s i s t s  o f  
t h r e e  c o n c e n t r i c  q u a r t z  g l a s s  t u b e s  w i t h i n  t h e  r a d i o  f r e q u e n c y  c o i l .  
An o u t e r  c o o l i n g  g a s ,  t y p i c a l l y  a r g o n ,  i s  e n t e r e d  t a n g e n t i a l l y ,  a n d  
t h e  s a m p l e  v a p o u r  o r  a e r o s o l  p u n c h e d  t h r o u g h  t h e  p l a s m a  b y  t h e  
c e n t r a l ,  a r g o n  i n j e c t o r  f l o w .  An a u x i l i a r y  f l o w  h e l p s  t o  d i s t a n c e  t h e  
r e a r  e n d  o f  t h e  p l a s m a  f r o m  t h e  i n j e c t o r  t i p  t o  p r e v e n t  o v e r h e a t i n g .  
T y p i c a l  m a g n i t u d e s  o f  t h e  i n j e c t o r ,  c o o l a n t  a n d  a u x i l i a r y  f l o w s  a r e  
0 . 5 - 1 . 0 ,  1 0 - 1 5 ,  a n d  0 - 1  L m in - 1  r e s p e c t i v e l y .
S a m p l e  s o l u t i o n s  a r e  u s u a l l y  n e b u l i s e d  i n t o  t h e  c e n t r a l  c h a n n e l  
( i n j e c t o r )  f l o w  o f  t h e  I C P .  O n ly  d r o p l e t s  o f  a  f e w  m i c r o m e t e r  i n  
d i a m e t e r  c a n  b e  s u p p o r t e d  i n  t h e  g a s  s t r e a m  a n d  t h e s e  a r e  r a p i d l y  
d e s o l v a t e d ,  v a p o r i s e d ,  d i s s o c i a t e d ,  e x c i t e d  a n d  i o n i s e d  a t  t h e  
t e m p e r a t u r e s  e x i s t i n g  i n  t h e  c e n t r a l  c h a n n e l .  S o l i d  p a r t i c l e s  o f  m ore  
t h a n  a b o u t  o n e  m i c r o m e t e r  i n  d i a m e t e r  c a n n o t  b e  v a p o r i s e d  u n d e r  
t y p i c a l  p l a s m a  o p e r a t i n g  c o n d i t i o n s  ( G r a y ,  1 9 8 8 b ) . T h u s  t h e  p a r t i c l e  
s i z e  d i s t r i b u t i o n  i s  a n  i m p o r t a n t  p a r a m e t e r  i n  r e l a t i o n  t o  s y s t e m  
e f f i c i e n c y .
A s s u m i n g  l o c a l  t h e r m a l  e q u i l i b r i u m ,  w h ich  i s  o n l y  a p p r o x i m a t e l y  t r u e ,  
t h e  d e g r e e  o f  i o n i s a t i o n  o f  a n  e l e m e n t  c a n  b e  c a l c u l a t e d  f r o m  t h e  S a h a  
e q u a t i o n  g i v e n  b e l o w ,
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Figure 1: The inductively coupled plasma (Faires, 1983)
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Figure 2: The ICP torch (Christian &  O ’Reilly, 1986)
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p r o v i d e d  n e  r e p r e s e n t s  e l e c t r o n  d e n s i t y ,  Me  e l e c t r o n  m a s s ,  h P l a n k ' s  
c o n s t a n t ,  Q+ a n d  Qq t h e  p a r t i t i o n  f u n c t i o n s  o f  t h e  i o n s  a n d  n e u t r a l  
a t o m s  r e s p e c t i v e l y ,  a n d  I  t h e  i o n i s a t i o n  p o t e n t i a l  o f  t h e  e l e m e n t .  
Houk ( 1 9 8 1 )  h a s  c a l c u l a t e d  t h a t  m o s t  e l e m e n t s  a r e  s i n g l y  i o n i s e d  u n d e r  
t y p i c a l  p l a s m a  c o n d i t i o n s .  I n  p r a c t i c e  a  fe w  d o u b l y  c h a r g e d  i o n s ,  w i t h  
s e c o n d  i o n  i o n i s a t i o n  e n e r g i e s  l e s s  t h a n  1 5 . 7 6  eV , a r e  a l s o  o b s e r v e d .
2 . 3  ICP m a s s  s p e c t r o m e t r y
2 . 3 . 1  I n t r o d u c t i o n
2 . 3 . 1 . 1  H i s t o r i c a l  n o t e
As n o t e d  i n  C h a p t e r  1 ,  Houk e t ,  a l . .  ( 1 9 8 0 )  f i r s t  d e m o n s t r a t e d  t h e  
p o s s i b i l i t y  o f  t h e  c o m b i n a t i o n  o f  a n  ICP f o r  s a m p l e  i o n i s a t i o n  w i t h  
s u b s e q u e n t  i o n  d e t e c t i o n  b y  q u a d r u p o l e  m a s s  s p e c t r o m e t r y .  B e f o r e  
c o n s i d e r i n g  d e t a i l s  o f  t h e  i n t e r f a c e  a n d  m a s s  s p e c t r o m e t e r ,  b r i e f  
com ment i s  m ade on t h e  h i s t o r i c a l  d e v e l o p m e n t  o f  ICP-MS a n d  r e c e n t  
a p p l i c a t i o n s  o f  t h e  t e c h n i q u e .
C o n s i d e r a b l e  o b s t a c l e s  t o  t h e  r e a l i s a t i o n  o f  a  r e l i a b l e ,  a c c u r a t e  I C P -  
MS s y s t e m  w e re  f a c e d  b y  t h e  e a r l y  w o r k e r s .  A m a j o r  d i f f i c u l t y  w as 
e n c o u n t e r e d  t r y i n g  t o  s a m p l e  b u l k  p l a s m a  t h r o u g h  a  s m a l l  d i a m e t e r  
e x t r a c t i o n  a p e r t u r e ,  s i n c e  a  c o o l e r  b o u n d a r y  l a y e r  w as  f o r m e d  a s  t h e  
ICP t a i l f l a m e  i m p i n g e d  on  t h e  s a m p l i n g  a p e r t u r e .  I f  t h e  d i a m e t e r  o f  
t h e  s a m p l i n g  o r i f i c e  w as  i n c r e a s e d  a  p i n c h  d i s c h a r g e  w as  o b s e r v e d  i n  
t h e  a p e r t u r e .  D e t a i l s  o f  t h e s e  a n d  o t h e r  p r o b l e m s ,  a n d  how t h e y  w e re  
o v e r c o m e ,  a r e  g i v e n  e l s e w h e r e  ( D o u g l a s  & Houk 1 9 8 5 ;  G r a y ,  1 9 8 2 ;  D a t e  & 
G r a y ,  1 9 8 3 a ;  G r a y ,  1 9 8 4 ;  G r a y ,  1 9 8 6 a ;  W i l l i a m s ,  1 9 8 9 a ) .
A t  t h e  e n d  o f  t h e  1 9 8 0 ' s  i t  c a n  b e  s e e n  t h a t  ICP-MS h a s  m o v ed  f r o m
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f e a s i b i l i t y  t o  w i d e s p r e a d  u s e  i n  l e s s  t h a n  a  d e c a d e .  I t  i s  now b e i n g  
a p p l i e d  t o  many r e a l  p r o b l e m s  a n d  a  f l a v o u r  o f  t h e s e  i s  g i v e n  b e l o w .
2 . 3 . 1 . 2  A p p l i c a t i o n s
The n um ber o f  a p p l i c a t i o n s  o f  ICP-MS t o  p a r t i c u l a r  i n v e s t i g a t i o n s  i s  
c u r r e n t l y  i n c r e a s i n g  v e r y  r a p i d l y  ( W i l l i a m s ,  1 9 8 9 a ) . T h i s  sh o w s  t h e  
a c c e p t a n c e  t h a t  ICP-MS h a s  now a c h i e v e d  a m o n g s t  t h e  a n a l y t i c a l  
c o m m u n ity .  O b v i o u s l y  t h e  m a j o r i t y  o f  t h e  p u b l i s h e d  a p p l i c a t i o n s  d e a l  
w i t h  s a m p l e s  i n t r o d u c e d  b y  s o l u t i o n  n e b u l i s a t i o n .  H o w e v e r ,  t h e y  
i l l u s t r a t e  t h e  i m p r e s s i v e  v a r i e t y  o f  s a m p l e s  w h ic h  m ay b e  a n a l y s e d .
A l l o y s  a n d  s t e e l s  h a v e  b e e n  i n v e s t i g a t e d  ( L o n g e r i c h  e t  a JL . ,  1 9 8 7 ;
H
V a u g h a n  & H o r l i c k ,  1 9 8 9 ) ,  a n d  t h e r e  a s  b e e n  c o n s i d e r a b l e  w ork  on
N
g e o l o g i c a l  m a t e r i a l s  ( D o h e r t y  & V a n d e r v o e t ,  1 9 8 5 ;  D a t e  & H u t c h i s o n ,  
1 9 8 6 ;  D a t e  e t  a l . ,  1 9 8 7 ;  J a r v i s ,  1 9 8 8 )  . The e l e m e n t a l  c o n c e n t r a t i o n s  
o f  f o o d s t u f f s  h a v e  b e e n  o f  i n t e r e s t  (Munro e t  a l . ,  1 9 8 6 ;  D u r r a n t  e t  
a l . ,  1 9 8 8 ) ,  a s  h a v e  t h o s e  f o u n d  i n  b i o l o g i c a l  f l u i d s  (Ward e t  a l . ,  
1 9 8 8 ;  A b o u - S h a k r a  e t  a l . ,  1 9 8 9 ;  D u r r a n t  & W ard, 1 9 8 9 ) .  I s o t o p e  r a t i o  
s t u d i e s  o f  v a r i o u s  e l e m e n t s  i n  d i v e r s e  m a t r i c e s  h a v e  a l s o  b e e n  
r e p o r t e d  ( D a t e  & C h e u n g ,  1 9 8 7 ;  L o n g e r i c h  e t  a l . ,  1 9 8 7 ;  S c h e u t t e  e t .
a l . ,  1 9 8 8 ;  J a n g h o r b a n i  e t  a l . ,  1 9 8 8 ) .
A s e l e c t i o n  o f  a p p l i c a t i o n s  o f  ICP-MS t o  t h e  a n a l y s i s  o f  g e o l o g i c a l ,  
b i o l o g i c a l ,  e n v i r o n m e n t a l  a n d  o t h e r  m a t r i c e s  h a s  b e e n  p r e s e n t e d  i n  t h e  
f i r s t  b o o k  on t h i s  s u b j e c t  ( D a t e  & G r a y ,  1 9 8 8 ) .
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2 . 3 . 2  I o n  s a m p l i n g
A t y p i c a l  e x t r a c t i o n  a p e r t u r e  i s  show n i n  F i g u r e  3 .  I n  o p e r a t i o n ,  t h e  
t a i l f l a m e  o f  t h e  p l a s m a  i s  b r o u g h t  i n t o  c o n t a c t  w i t h  t h e  w a t e r - c o o l e d  
s a m p l i n g  c o n e  c o n t a i n i n g  a n  a p e r t u r e  o f  d i a m e t e r  t y p i c a l l y  1 mm. The 
t o r c h  may b e  a l i g n e d  i n  t h e  v e r t i c a l  a n d  h o r i z o n t a l  p l a n e  s o  t h a t  t h e  
a n a l y t e  c h a n n e l  i n  t h e  c e n t r e  o f  t h e  p l a s m a  c a n  b e  s a m p l e d .  B o t h  t h e  
c o n e  a n d  t h e  s e c o n d  a p e r t u r e  b e h i n d  i t ,  known a s  t h e  sk im m e r ,  a r e  
u s u a l l y  m ade o f  n i c k e l  w h ich  h a s  a  s u f f i c i e n t l y  h i g h  t h e r m a l  
c o n d u c t i v i t y  t o  w i t h s t a n d  t e m p e r a t u r e s  e n c o u n t e r e d  i n  t h e  t a i l f l a m e .
S i n c e  t h e  g a s  p r e s s u r e  i n  t h e  f i r s t  s t a g e  i s  m a i n t a i n e d  a t  a  fe w  t o r r  
t h e r e  i s  a  s t e e p  g r a d i e n t  t h r o u g h  t h e  a p e r t u r e .  H e n c e  a  s u p e r s o n i c  
e x p a n s i o n  o f  g a s  o c c u r s  a n d  p a r t  o f  t h i s  i s  c o l l e c t e d  b y  t h e  s k im m e r ,  
5 - 1 0  mm b e h i n d  t h e  p r i m a r y  a p e r t u r e .  The e x p a n s i o n  i s  s o  f a s t  t h a t ,  
w i t h  t h e  p o s s i b l e  e x c e p t i o n  o f  i o n - m o l e c u l e  a n d  a t t a c h m e n t  p r o c e s s e s ,  
t h e  i o n i c  c o m p o s i t i o n  o f  t h e  s a m p l e d  g a s  i s  f r o z e n .  The i o n  beam  may 
b e  f o c u s e d  s i n c e  i t  i s  p a s s e d  t h r o u g h  a  s e t  o f  m e t a l  c y l i n d e r s  t o
w h ic h  v a r i a b l e  p o t e n t i a l s  a r e  a p p l i e d .  N e u t r a l  s p e c i e s  a r e  pum ped
• 4a w a y ;  t h e  p r e s s u r e  i n  t h e  s e c o n d  s t a g e  b e i n g  a b o u t  5 X 1 0 -  t o r r .
2 . 3 . 3  Q u a d r u p o l e  m a s s  s p e c t r o m e t e r
T he q u a d r u p o l e  i s  p r e c e d e d  a n d  f o l l o w e d  b y  s h o r t  r o d s  t o  w h ich  r . f .  
s u p p l i e s  a r e  f e d .  T h e s e  r e d u c e  t h e  f r i n g i n g  f i e l d s  a t  t h e  e n t r a n c e  t o  
t h e  m a in  r o d s  s o  t h a t  lo w  e n e r g y  i o n s  a r e  n o t  p r e v e n t e d  f r o m  e n t e r i n g .  
T o g e t h e r  w i t h  a  s u i t a b l e  c h o i c e  o f  d . c .  p o l e  b i a s  on t h e  q u a d r u p o l e  
i t s e l f ,  t h i s  a l l o w s  t h e  t r a n s m i s s i o n  o f  much h i g h e r  m a s s e s  t h a n  w o u ld  
o t h e r w i s e  b e  p o s s i b l e .
As d e p ic t e d  i n  F ig u r e  4 ,  io n s  a r r i v i n g  a t  t h e  q u a d r u p o le  p a s s  a lo n g
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Ex t r a c t i o n
E l e c t r o d e
S t a g e  2
Figure 3: Ion extraction interface (Gray, 1988b)
quadrupole bars
Figure 4: Quadrupole mass spectrometer (Frigario, 1974)
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t h e  c e n t r a l  a x i s  b e t w e e n  f o u r  s t a i n l e s s  s t e e l  o r  m o ly b d en u m  r o d s .
O p p o s i t e  r o d s ,  w h ich  a c t  a s  e l e c t r o d e s ,  a r e  c o n n e c t e d  t o g e t h e r .  One 
p a i r  c a r r i e s  a  v o l t a g e  V ( t )  s u c h  t h a t ,
V ( t )  =  U +  VqCOS ( 2 f t ) ........................................................................(2)
p r o v i d e d  U i s  t h e  d . c .  p o l e  b i a s  a n d  Vq t h e  m a g n i t u d e  o f  a n  r . f .  
c o m p o n e n t  o f  f r e q u e n c y  f .  The o t h e r  p a i r  o f  e l e c t r o d e s  a r e  a t  m in u s  
V ( t ) .  The m o t i o n  o f  t h e  i n c o m i n g  i o n s  d e p e n d s  u p o n  t h e i r  c h a r g e  t o  
m a s s  r a t i o  a n d  Vq , U, f  a n d  t h e  c u r v a t u r e  o f  t h e  e l e c t r o d e s .  U n s t a b l e  
m o t i o n s  a r e  p o s s i b l e  w h e r e b y  t h e  i o n s  i m p i n g e  on t h e  e l e c t r o d e s  a n d
a r e  l o s t  f r o m  t h e  b e a m .  A s t a b l e  m o t i o n ,  a l l o w i n g  p a r t i c l e s  t o  
t r a v e r s e  t h e  s y s t e m s  i s  p o s s i b l e ,  a n d  t h e  c h a r g e  t o  m a s s  r a t i o  
s e l e c t e d  i s  a  f u n c t i o n  o f  Vq . T he  r a n g e  o f  m a s s e s  d e p e n d s  on U /V q
w h ic h  m ay b e  a d j u s t e d  t o  1 a . m . u .  T h u s  i f  Vq a n d  U a r e  s c a n n e d ,  t h e
m a s s  r a n g e  i s  s c a n n e d .  The sw e e p  s p e e d  i s  l i m i t e d  b y  t h e  t i m e  
c o n s t a n t s  o f  t h e  r . f . / d . c .  c i r c u i t s  s u c h  t h a t  a  f u l l  m a s s  s c a n  c a n  b e  
a c c o m p l i s h e d  i n  a b o u t  30 m s .
2 . 3 . 4  I o n  d e t e c t i o n / d a t a  h a n d l i n g  a n d  d i s p l a y
T r a n s m i t t e d  i o n s  a r e  d e t e c t e d ,  t y p i c a l l y  b y  a  c h a n n e l  e l e c t r o n  
m u l t i p l i e r  o p e r a t i n g  i n  t h e  p u l s e  c o u n t i n g  mode f o r  maximum 
s e n s i t i v i t y .
A m u l t i - c h a n n e l  a n a l y s e r  (MCA), w h ich  t y p i c a l l y  c o n t a i n s  2 0 4 8  c h a n n e l s  
o f  d a t a  a c q u i s i t i o n  m em ory, i s  u s e d  f o r  d a t a  a c c u m u l a t i o n .  The 
q u a d r u p o l e  i s  s e t  f o r  t h e  f i r s t  m a s s  a n d  t h e  m a s s  r a n g e  r e q u i r e d  a n d  
i t s  s c a n  s y n c h r o n i s e d  w i t h  e a c h  sw e e p  o f  t h e  MCA s o  t h a t  f i l t e r e d  i o n s  
w i t h  a  p a r t i c u l a r  c h a r g e / m a s s  r a t i o  a r e  a l w a y s  r e c o r d e d  i n  t h e  sam e 
c h a n n e l  o r  g r o u p  o f  c h a n n e l s .
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B o t h  i n s t r u m e n t a t i o n  c o n t r o l  a n d  d a t a  o u t p u t  a r e  c o m p u t e r  c o n t r o l l e d  
on c o m m e r c i a l  ICP s p e c t r o m e t e r s .  T h u s  t h e  p l a s m a  m ay b e  i g n i t e d  a n d  
d a t a  a c c u m u l a t e d  u n d e r  c o m p u t e r  command. When r u n n i n g  s o l u t i o n s  
a g a i n s t  a q u e o u s  s t a n d a r d s  c o m p l i c a t e d  r u n  p r o c e d u r e s  i n c l u d i n g  
r e p l i c a t e  s a m p l e  a n a l y s e s ,  m u l t i e l e m e n t  s t a n d a r d s  a n d  b l a n k s  m ay b e  
s e t  u p  b e f o r e  t h e  a c t u a l  a n a l y s e s  a r e  p e r f o r m e d .  Raw i n t e g r a l  c o u n t s  
o f  p a r t i c u l a r  m a s s e s  o f  i n t e r e s t  o r  c a l c u l a t e d  s a m p l e  c o n c e n t r a t i o n s  
m ay b e  o u t p u t  o r  s t o r e d  on d i s c  f o r  l a t e r  i n s p e c t i o n .
A s c h e m a t i c  o f  t h e  f u l l  ICP-MS s y s t e m  i s  g i v e n  i n  F i g u r e  5 .
2 . 3 . 5  S y s t e m  p e r f o r m a n c e
O v e r  90 % o f  t h e  e l e m e n t s  o f  t h e  p e r i o d i c  t a b l e  may b e  a n a l y s e d  b y  t h e  
t e c h n i q u e .  E x c e p t i o n s  i n c l u d e  e l e m e n t s  w i t h  f i r s t  i o n i s a t i o n  e n e r g i e s  
g r e a t e r  t h a n  a r g o n  s u c h  a s  H e, F ,  a n d  N e ,  a n d  t h o s e  p r e s e n t  i n  e x c e s s  
s u c h  a s  a r g o n ,  a n d  u s u a l l y  o x y g e n .  A l s o ,  a  f e w  e l e m e n t s  show r e d u c e d  
s e n s i t i v i t y  d u e  t o  i n c o m p l e t e  i o n i s a t i o n  e . g .  S ,  C l  a n d  B r .  V a r i o u s  
i n t e r f e r e n c e s  c a n  a l s o  o c c u r .  T h e s e  may b e  d u e  t o :  (a )  i s o b a r i c
o v e r l a p  o f  o n e  i s o t o p e  u p o n  a n o t h e r  o f  a n a l y t i c a l  i n t e r e s t ;  (b) 
p o l y a t o m i c  i n t e r f e r e n c e s  s u c h  a s  N2 , 0 2 , A r ,  A r 2 , w h ich  l i e  on
i s o t o p e s  o f  S i ,  S ,  C a ,  a n d  S e  r e s p e c t i v e l y ;  ( c )  o x i d e s  a n d  o r  d o u b l y
15> *1 o p  o
c h a r g e d  i o n s  o f  m a t r i x  e l e m e n t s ,  e . g .  F e  O on Ge o r  B a  +  on 
69G a .
D e s p i t e  t h e s e  d i f f i c u l t i e s  i n s t r u m e n t a l  ran do m  b a c k g r o u n d  i s  v e r y  lo w  
a n d  s e n s i t i v i t y  e x c e l l e n t .  F o r  e x a m p l e ,  t h e  b a c k g r o u n d  i s  u s u a l l y  l e s s
C Q
t h a n  20  c o u n t s  p e r  s e c o n d  a n d  i n  a q u e o u s  s o l u t i o n  1 u g  m L-1 o f  Co
5
y i e l d s  2 t o  8 X 10 c o u n t s  p e r  s e c o n d .  T h u s  e x c e l l e n t  d e t e c t i o n  l i m i t s
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a r e  o b t a i n e d .  H o w e v e r ,  s e n s i t i v i t y  d e c r e a s e s  b e l o w  m a s s  20 d u e  t h e  t h e  
p o o r  d e t e c t i o n  e f f i c i e n c y  o f  t h e  c h a n n e l  e l e c t r o n  m u l t i p l i e r s  a t  low  
m / z .
C o n s i d e r a b l e  r e s e a r c h  e f f o r t  h a s  b e e n  c o n c e n t r a t e d  on  f i n d i n g  
c o n d i t i o n s  f o r  t h e  m a x i m i s a t i o n  o f  s i g n a l  t o  b a c k g r o u n d  r a t i o s  a n d  t h e  
m i n i m i s a t i o n  o f  o x i d e s  a n d  o t h e r  i n t e r f e r e n c e s  ( H o r l i c k  e t .  a i . , 1 9 8 5 ;
V a u g h a n  & H o r l i c k ,  1 9 8 6 ;  G r a y  & W i l l i a m s ,  1 9 8 7 ;  V a u g h a n  e t  a l . ,  1 9 8 7 ;  
Zhu & B r o w n e r ,  1 9 8 7 ) .  C o n s e q u e n t l y  t h e  f u l l  c a p a c i t i e s  o f  t h e  
t e c h n i q u e  a n d  a l s o  i t s  l i m i t a t i o n s  a r e  b e c o m in g  b e t t e r  u n d e r s t o o d .  
T h i s  f o r m s  t h e  b a s i s  f o r  o v e r c o m i n g  som e o f  t h e s e  p r o b l e m s .
A n u m ber  o f  s t r a t e g i e s  h a v e  e m e r g e d  f o r  d e a l i n g  w i t h  i n t e r f e r e n c e s  i n  
IC P -M S . T h e s e  i n c l u d e  c o r r e c t i o n  b y  u s e  o f  t h e  c o u n t s  o f  o t h e r  
i s o t o p e s ,  m o re  e l a b o r a t e  m u l t i v a r i a t e  c a l i b r a t i o n s ,  a n d  t h e  u s e  o f  
m i x e d  g a s  p l a s m a s  ( K e t t e r e r  e t  a l . ,  1 9 8 9 ) .  C h o i c e  o f  o p e r a t i n g  
c o n d i t i o n s  s u c h  a s  f l o w  r a t e  a n d  l o a d c o i l  t o  c o n e  a p e r t u r e  s e p a r a t i o n  
may a l s o  b e  c r i t i c a l  f o r  p a r t i c u l a r  a p p l i c a t i o n s  ( J i a n g  e t  a l . ,  1 9 8 8 )  .
S u p p r e s s i o n  o f  a n a l y t e  s i g n a l  b y  t h e  p r e s e n c e  o f  h i g h  c o n c e n t r a t i o n s  
o f  e a s i l y - i o n i s a b l e  e l e m e n t s  c a n  a l s o  o c c u r  ( O l i v a r e s  & H o u k . ,  1 9 8 6 ;  
B e a u c h e m in  e t  a ± . ,  1 9 8 7 ;  G i l l s o n  e t  a l . ,  1 9 8 8 )  . H o w e v e r ,  s i m p l e
d i l u t i o n  c a n  u s u a l l y  o v e r c o m e  t h i s  a t  t h e  e x p e n s e  o f  d e g r a d i n g  
d e t e c t i o n  l i m i t s .  S e p a r a t i o n  o f  a n a l y t e  e l e m e n t s  f r o m  t h e  m a t r i x  i s  
a n o t h e r  p o s s i b l e  s o l u t i o n  ( P l a n t z  e t  a l . ,  1 9 8 9 ,  Ward e t  a l . ,  1 9 8 9 a ) .
O t h e r  p r o b l e m s  c a n  o c c u r  i n  t h e  a n a l y s i s  o f  r e a l  m a t r i c e s  b y  IC P -M S. 
F o r  e x a m p l e ,  h i g h  l e v e l s  o f  t o t a l  d i s s o l v e d  s o l i d s  o r  u n d i s s o l v e d
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p r o t e i n s  may c a u s e  b l o c k a g e  o f  t h e  c o n e  a p e r t u r e  l e a d i n g  t o  a  d r o p  i n  
s i g n a l .  A l s o ,  s e v e r a l  e l e m e n t s  show  s t r o n g  m emory e f f e c t s  e . g .  L i ,  B 
a n d  A g ,  a n d  s o  r e q u i r e  l o n g  w a s h o u t  t i m e s .
A l t h o u g h  t h e s e  d i f f i c u l t i e s  c a l l  f o r  c o n s i d e r a b l e  a w a r e n e s s  b y  t h e  
a n a l y s t ,  m o s t  o f  th e m  h a v e  b e e n  r e p o r t e d  i n  t h e  l i t e r a t u r e  a n d  som e 
s y s t e m a t i c  s t u d i e s  h a v e  b e e n  u n d e r t a k e n .  T h u s  t h e  u n d e r l y i n g  
m e c h a n i s m s  o f  som e o f  t h e s e  u n d e s i r a b l e  e f f e c t s  a r e  b e g i n n i n g  t o  b e  
e l u c i d a t e d  a n d  w ay s  o f  o b v i a t i n g  th e m  c a n  b e  s u g g e s t e d .
2 . 3 . 6  S u r r e y  p r o t o t y p e
T he a b o v e  d i s c u s s i o n  r e f e r r e d  t o  t h e  l i t e r a t u r e  on  IC P -M S ,  w h ic h  
g e n e r a l l y  d e a l s  w i t h  s a m p l e s  i n t r o d u c e d  b y  s o l u t i o n  n e b u l i s a t i o n . 
A p a r t  f r o m  r e p l a c e m e n t  o f  t h e  c o n v e n t i o n a l  p n e u m a t i c  n e b u l i s e r  b y  an  
a b l a t i o n  c e l l  a n d  a s s o c i a t e d  g a s  l i n e s  no d i f f e r e n c e  i n  t h e  m a in  
c o m p o n e n t s  w o u ld  b e  f o u n d  c o m p a r e d  t o  o t h e r  ICP-MS s y s t e m s .
U s e  w as  m ade o f  t h e  S u r r e y  p r o t o t y p e  r e s e a r c h  ICP-MS i n s t r u m e n t  w h ic h  
i s  d e s c r i b e d  e l s e w h e r e  ( D a t e  & G r a y ,  1 9 8 3 ;  G r a y  & D a t e ,  1 9 8 3 )  . The 
i n s t r u m e n t ,  a n d  t h e  l a s e r  h e a d  a n d  a b l a t i o n  c e l l  a r e  show n i n  F i g u r e
• TM6 .  T h i s  ICP-MS w as  t h e  f o r e r u n n e r  o f  t h e  c o m m e r c i a l  VG P la s m a Q u a d
a n d  d i f f e r s  f r o m  i t  p r i n c i p a l l y  i n  i t s  l a c k  o f  s o p h i s t i c a t e d  c o m p u t e r
c o n t r o l .  T he  l a t t e r  c a n  b e  a d v a n t a g e o u s  f o r  an  i n s t r u m e n t  u s e d  m a i n l y
f o r  r e s e a r c h ,  s i n c e  i t s  c o m p o n e n t s  a r e  m o re  r e a d i l y  a c c e s s i b l e  f o r
m o d i f i c a t i o n .
P l a s m a  g a s  f l o w s ,  m ovem ent o f  t h e  t o r c h b o x  i n t o  i t s  o p e r a t i n g  
p o s i t i o n ,  p l a s m a  i g n i t i o n ,  a n d  c o n t r o l  o f  d a t a  a c q u i s i t i o n  s e q u e n c e s
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Figure 6 : Surrey prototype ICP mass spectrometer; laser head and glass 
ablation cell
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w e re  a l l  u n d e r  m a n u a l c o n t r o l .
G a s  f l o w  r a t e s  w e re  c o n t r o l l e d  b y  f l o w m e t e r s  f r o m  d i f f e r e n t  
m a n u f a c t u r e r s  (BOC, D e e r  P a r k  R o a d ,  L o n d o n ;  D w yer i n s t r u m e n t s ,  
M i c h i g a n  C i t y ,  I n d i a n a ,  USA; F i s h e r  c o n t r o l s ,  C r o y d o n ,  E n g l a n d ) . 
T y p i c a l  p e r f o r m a n c e  f i g u r e s  w e r e  a n  a b s o l u t e  a c c u r a c y  o f  + / -  5 % o f
f u l l  f l o w  c a p a c i t y ;  r e p r o d u c i b i l i t y  b e t t e r  t h a n  0 . 5  % o f  t h e
i n s t a n t a n e o u s  r e a d i n g .
D a t a  a c q u i s i t i o n  w as  p o s s i b l e  b y  m e a n s  o f  an  MCA w h ic h  d i s p l a y e d  t h e
i n t e g r a l s  a s  t h e y  a c c u m u l a t e d  ( C a n b e r r a  I n d u s t r i e s ,  I n c . ,  45  S t a c e y
A v e . ,  M e r i d e n  C o n n e c t i c u t ,  U S A ) .  T h e r e  w e re  tw o 2 0 4 8  c h a n n e l  m e m o r i e s ,
t h o s e  g e n e r a l l y  u s e d ,  a n d  a l s o  f o u r  o f  1 0 2 4  c h a n n e l s .  S p e c t r a  w e re
r e a d  b y  an  IBM PC a n d  s t o r e d  on  h a r d  o r  f l o p p y  d i s c .  I n - h o u s e  s o f t w a r e
w as  u s e d  t o  i n t e g r a t e  t h e  s p e c t r a  a n d  p l o t  t h o s e  o f  i n t e r e s t . The
i n t e g r a t e d  d a t a  c o u l d  b e  r e a d  i n t o  a  s u i t a b l e  s p r e a d s h e e t ,  e . g .  L o t u s  
TM1 2 3  f o r  s u b s e q u e n t  m a t h e m a t i c a l  a n d  s t a t i s t i c a l  m a n i p u l a t i o n .  T h i s
a n d  s i m i l a r  s o f t w a r e  a l s o  a l l o w e d  t h e  p l o t t i n g  o f  g r a p h s .
2 . 4  The l a s e r  s y s t e m
2 . 4 . 1  P r i n c i p l e s
The c o n s t r u c t i o n  o f  a  s o u r c e  o f  c o h e r e n t  m i c r o w a v e  r a d i a t i o n  w as 
c o m p l e t e d  a t  C o l u m b ia  U n i v e r s i t y  i n  l a t e  1 9 5 3  (G o rd o n  e t  a l . ,  1 9 5 4 ) .  
T h i s  w as  t h e  f i r s t  m a s e r ,  a n  a c r o n y m  f o r  m ic r o w a v e  a m p l i f i c a t i o n  b y  
s t i m u l a t e d  e m i s s i o n  o f  r a d i a t i o n .  I t s  o p e r a t i o n  r e l i e s  on  t h e  
e x i s t e n c e  o f  tw o  e n e r g y  s t a t e s  o f  t h e  am m onia m o l e c u l e  a n d  t h e s e  
d e p e n d  u p o n  t h e  p o s i t i o n  o f  t h e  n i t r o g e n  r e l a t i v e  t o  t h e  h y d r o g e n  
a t o m s .  By s e p a r a t i o n  o f  m o l e c u l e s  i n  t h e  d i f f e r e n t  s t a t e s ,  a
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m o l e c u l e s  a r e  i n  t h e  h i g h e r  e n e r g y  s t a t e .
A c h a n g e  f r o m  t h e  h i g h e r  t o  t h e  l o w e r  e n e r g y  s t a t e ,  w h ich  may b e  
s p o n t a n e o u s ,  i s  a c c c o m p a n i e d  b y  t h e  e m i s s i o n  o f  a  p h o t o n  o f  a 
p a r t i c u l a r  f r e q u e n c y .  S u c h  a  p h o t o n  c a n  a l s o  b e  a b s o r b e d  b y  t h e  
m o l e c u l e  a n d  t h u s  r a i s e  i t  f r o m  t h e  l o w e r  t o  t h e  h i g h e r  l e v e l .  
M o r e o v e r ,  i f  t h e  m o l e c u l e  i s  i n  t h e  e x c i t e d  s t a t e  a n  i n c i d e n t  p h o t o n  
o f  t h e  sam e  e n e r g y  a s  t h e  d i f f e r e n c e  b e t w e e n  e n e r g y  l e v e l s  c a n  
s t i m u l a t e  a  dow nw ard  t r a n s i t i o n .  T h u s  i f  a  p o p u l a t i o n  i n v e r s i o n  
e x i s t s ,  an  a v a l a n c h e  o f  p h o t o n s  o f  t h e  sam e  f r e q u e n c y  m ay b e  p r o d u c e d .  
I f  t h e s e  p h o t o n s  a r e  r e t a i n e d  i n  a  r e s o n a t o r ,  t h e i r  r e l e a s e  p r o d u c e s  a  
v e r y  i n t e n s e  beam  o f  c o h e r e n t  r a d i a t i o n .
F o l l o w i n g  t h e  s u c c e s s  o f  t h e  m a s e r ,  a t t e n t i o n  t u r n e d  t o  t h e  
p o s s i b i l i t y  o f  p r o d u c i n g  a  c o h e r e n t  v i s i b l e  l i g h t  s o u r c e  -  t h e  l a s e r .  
T h i s  w as  a c h i e v e d  b y  M aim an ( 1 9 6 0 )  o f  t h e  H u gh es  R e s e a r c h  L a b o r a t o r y  
u s i n g  a  r u b y  c r y s t a l  a s  t h e  a c t i v e  m edium .
A t y p i c a l  r u b y  l a s e r  i s  show n i n  F i g u r e  7 .  The e l l i p t i c a l  r e f l e c t o r  
e n c l o s e s  a  r u b y  r o d  a n d  a  f l a s h  t u b e .  The e n d  s u r f a c e s  o f  t h e  r u b y  a r e  
h i g h l y  p o l i s h e d  a n d  s i l v e r e d ,  o n e  e n d  f u l l y  t h e  o t h e r  p a r t i a l l y .  The 
l a t t e r  a l l o w s  p u l s e s  o f  l i g h t  t o  e s c a p e  when l a s i n g  o c c u r s .  A s a n  
a l t e r n a t i v e  t o  c o a t i n g  t h e  e n d s  o f  t h e  r o d ,  m i r r o r s  e x t e r n a l  t o  t h e  
r o d  may b e  u s e d .
Ruby  c o n s i s t s  o f  a l u m i n i u m  o x i d e  A 12 0 3 t o  w h ich  h a s  b e e n  a d d e d  a  s m a l l  
p r o p o r t i o n  ( a b o u t  0 . 0 5  % b y  w e i g h t )  o f  C r 2 0 3 . The c h ro m iu m , i n  t h e
p o p u la t io n  i n v e r s i o n  i s  a c h ie v e d  i n  w h ic h  m o re  t h a n  50  % o f  t h e
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3 .f o r m  C r  + ,  p r o v i d e s  t h e  e n e r g y  l e v e l s  b e t w e e n  w h ic h  s t i m u l a t e d
e m i s s i o n  i s  t r i g g e r e d .  F i g u r e  8 sh o w s  a  s i m p l i f i e d  e n e r g y  l e v e l
d i a g r a m .  Chrom ium  i o n s  i n  t h e  g r o u n d  s t a t e  a r e  e x c i t e d  t o  t h e  u p p e r
s t a t e ,  m o re  s t r i c t l y  a n  e n e r g y  b a n d ,  b y  a n  i n t e n s e  f l a s h  o f  w h i t e
l i g h t  f r o m  t h e  f l a s h  t u b e .  The e x c i t a t i o n  i s  f o l l o w e d  b y  a  r a p i d  n o n -
r a d i a t i v e  t r a n s i t i o n  t o  t h e  m i d d l e  l e v e l ,  i . e .  o n l y  h e a t  i s  g e n e r a t e d .
T h i s  l e v e l  i s  m e t a s t a b l e ,  t h a t  i s  i t  h a s  a  r e l a t i v e l y  l o n g  l i f e t i m e ,
a n d  s o  i t s  p o p u l a t i o n  c a n  b e  i n c r e a s e d  a t  t h e  e x p e n s e  o f  t h e  g r o u n d
s t a t e .  T h u s  a  p o p u l a t i o n  i n v e r s i o n  i s  a c h i e v e d .
S p o n t a n e o u s  t r a n s i t i o n s  e m i t  p h o t o n s  w h ich  t r i g g e r  f u r t h e r  e m i s s i o n s .  
The p h o t o n s  t r a v e l l i n g  p e r p e n d i c u l a r  t o  t h e  e n d s  o f  t h e  r u b y  r o d  b u i l d  
u p  i n  t h e  r e s o n a t o r  a n d  a r e  r e l e a s e d  f r o m  t h e  p a r t i a l l y  s i l v e r e d  r u b y  
f a c e .  Once s t a r t e d ,  s t i m u l a t e d  e m i s s i o n  d e p o p u l a t e s  t h e  u p p e r  l a s i n g  
l e v e l  much f a s t e r  t h a n  t h e  p u m p in g  r a t e  o f  t h e  f l a s h  t u b e .
C o n s e q u e n t l y  t h e  l i g h t  o u t p u t  c o n s i s t s  o f  a  m u l t i t u d e  o f  i n t e n s e
s p i k e s .
F i g u r e  9 d e p i c t s  t h e  o p t i c a l  r e s o n a t o r  c o n f i g u r a t i o n s  a s s o c i a t e d  f r e e -  
r u n n i n g  a n d  Q - s w i t c h e d  p u l s e s . The l a t t e r  r e s u l t  when a  h i g h  s p e e d  
s h u t t e r  i s  i n s e r t e d  i n t o  t h e  o p t i c a l  r e s o n a t o r  b e t w e e n  t h e  l a s e r  r o d  
a n d  t h e  100  % r e f l e c t i n g  m i r r o r .  The s h u t t e r  i s  i n i t i a l l y  c l o s e d ,  
t h e r e b y  p r e v e n t i n g  l a s e r  a c t i o n .  B e f o r e  t h e  e n e r g y  c a n  b e  d i s s i p a t e d  
b y  n o r m a l  f l u o r e s c e n c e  t h e  s h u t t e r  i s  o p e n e d  a n d  t h e  r e s u l t i n g  l i g h t  
p u l s e  r e l e a s e d  a s  a  s i n g l e  b u r s t  o f  v e r y  h i g h  i n t e n s i t y .
2 . 4 . 2  L a s e r  s p e c i f i c a t i o n s
■ TMI n  t h i s  w ork  a  J . K .  2 0 0 0  r u b y  l a s e r  w as  u s e d  ( J . K .  L a s e r s  L i m i t e d ,
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Trigg**- wir*
Figure 7: Ruby laser (Eaglesfield, 1967)
E n e r g y
Pumping
R a p i d
D e c a y
L a s i n g
Figure 8: Three-level laser (Beesley, 1976)
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in pumping chamber
Partially reflecting 
mirror
F r e e - r u n n i n g  (N m ode) p u l s e
High speed 
shutter
J l
Laser
output
100%
mirror
Q - s w i t c h e d  (Q m ode) p u l s e
Figure 9: Free-running and Q-switched modes (J.K. lasers, technical 
information sheet)
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S o m e r s  R o a d ,  W a r w i c k s h i r e ,  E n g l a n d ) . The p u l s e s  f r o m  t h e  l a s e r ,  w h ich  
w e r e  e m i t t e d  h o r i z o n t a l l y ,  w e r e  d e f l e c t e d  i n t o  a  v e r t i c a l  a x i s  f o r  
a b l a t i o n  o f  t h e  s a m p l e  w h ic h  w as  h e l d  w i t h i n  a  g l a s s  c e l l .
T he o s c i l l a t o r  p u m p in g  c h a m b e r  c o m p r i s e d  a  r u b y  r o d  o f  r o u g h l y  10 x  1 
cm w h ic h  w as  pum ped  b y  tw o  f l a s h l a m p s  c o n n e c t e d  i n  s e r i e s . The r e a r  
m i r r o r  o f  t h e  r e s o n a t o r  w as  100  % r e f l e c t i n g  a t  t h e  l a s e r  w a v e l e n g t h  
o f  694  nm. L a s e r  p u l s e s  f r o m  t h e  o u t p u t  c o u p l e r  p a s s e d  t h r o u g h  a n  
e n e r g y  m o n i t o r  p i c k - o f f  i n t o  a  b ea m  e x p a n s i o n  t e l e s c o p e  ( t i m e s  5) a n d  
o n t o  a  45 d e g r e e  m i r r o r  f o r  d e f l e c t i o n  i n t o  t h e  v e r t i c a l  a x i s .  
F o c u s i n g  o f  t h e  b e a m  o n t o  t h e  s a m p l e  w as  a c c o m p l i s h e d  b y  a  f i n a l  
c o m b i n a t i o n  l e n s .  A b i n o c u l a r  h e a d  a b o v e  t h e  d e f l e c t i n g  m i r r o r ,  a n d  
c o n t a i n i n g  a n  a b s o r b i n g  f i l t e r ,  a l l o w e d  v i e w i n g  o f  t h e  s a m p l e  e v e n  
d u r i n g  l a s e r  f i r i n g .  A common f o c a l  p o i n t  o f  t h e  l a s e r  a n d  m i c r o s c o p e  
o p t i c s  e n s u r e d  t h a t  f o c u s i n g  o f  t h e  im a g e  o f  a  s a m p l e  a l s o  f o c u s e d  t h e  
l a s e r  b e a m .
The l a s e r  c o u l d  b e  o p e r a t e d  a t  u p  t o  o n e  p u l s e  p e r  m i n u t e ,  i n  e i t h e r  
t h e  f r e e - r u n n i n g  o r  Q - s w i t c h e d  m o d e .  The l a t t e r  w as  p o s s i b l e  b y  u s e  o f  
a  d o u b l e  p l a t e  B r e w s t e r  a n g l e  p o l a r i s e r ,  w h ich  p o l a r i s e d  t h e  b e a m  i n  
t h e  v e r t i c a l  p l a n e ,  a n d  a  12 mm d i a m e t e r  P o c k e l s  c e l l  w h o se  o p t i c a l  
t r a n s m i s s i o n  c o u l d  b e  r a p i d l y  ( i n  a  fe w  n a n o s e c o n d s )  c h a n g e d  b y  t h e  
a p p l i c a t i o n  o f  a  h i g h  v o l t a g e .
A s e t  o f  a p e r t u r e s  a l l o w e d  t h e  d i a m e t e r  a n d  t h u s  t h e  t o t a l  e n e r g y  o f  
t h e  b ea m  t o  b e  a l t e r e d .  An o p e r a t i n g  r a n g e  o f  a b o u t  30  m J  t o  1 5 0 0  m J ,  
a s  m e a s u r e d  b y  a  s i l i c o n  d i o d e  e n e r g y  m o n i t o r ,  w as  p r a c t i c a b l e .  I n  t h e  
Q - s w i t c h e d  mode t h e  w i d t h  o f  t h e  p u l s e  a t  h a l f - h e i g h t  w as  a b o u t  24  n s
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a t  1 . 5  J .  The r e l a t i v e  s t a n d a r d  d e v i a t i o n  o f  t h e  e n e r g y  o f  a  s e r i e s  o f  
p u l s e s  o b t a i n e d  u n d e r  t h e  sam e  c o n d i t i o n s  w as  a b o u t  1 %.
2 . 4 . 3  A b l a t i o n  c e l l  a n d  a s s o c i a t e d  e q u i p m e n t
S e v e r a l  c h a n g e s  i n  t h e  a b l a t i o n  c e l l ,  t u r n t a b l e  a n d  g a s  l i n e s  h a v e  
b e e n  m ade  s i n c e  t h e  w o rk  o f  G r a y  ( 1 9 8 5 b ) . A new c e l l  h a s  b e e n  
c o n s t r u c t e d  a s  show n i n  F i g u r e  1 0 .  I t s  s i m p l e r ,  s m o o t h e r  g e o m e t r y  
s h o u l d  e n s u r e  l e s s  t u r b u l e n t  g a s  f l o w .  I t  c o n s i s t e d  o f  a  c y l i n d r i c a l  
b o r o s i l i c a t e  c h a m b e r ,  o f  f u l l  h e i g h t  70 mm, t o p p e d  b y  a  c i r c u l a r ,  
s l o p i n g  , q u a r t z  o p t i c a l l y  f l a t  w indow  t o  a l l o w  t h e  b e a m  t o  b e  f o c u s e d  
on  t h e  s a m p l e . The a n g l e  o f  t h e  o p t i c a l - w i n d o w  e n s u r e d  t h a t  b a c k -  
r e f l e c t i o n s  d i d  n o t  d a m a g e  t h e  f i n a l  f o c u s i n g  l e n s e s .
S i n c e  s m a l l  d e p o s i t s  o f  s a m p l e  a c c u m u l a t e d  on t h e  s u r f a c e  o f  t h e  c e l l ,  
a  c i r c u l a r  p i e c e  o f  m y l a r  f i l m  ( a s  u s e d  f o r  X - r a y  s p e c t r o s c o p y )  w as
e m p l o y e d  t o  p r o t e c t  t h e  i n n e r  s u r f a c e  o f  t h e  o p t i c a l - w i n d o w .  S u c h  
f i l m s  w e r e  r e a d i l y  r e p l a c e d ,  a n d  t h e  w h o le  c e l l  c l e a n e d  w i t h  50 % v / v  
n i t r i c  a c i d  a f t e r  a  r u n .  C y l i n d r i c a l  p l a s t i c  i n s e r t s  w e r e  a l s o  u s e d  t o
p r o t e c t  t h e  w a l l s  o f  t h e  c e l l .
T he c e l l  w as s e a l e d  i n t o  a n  a l u m i n i u m  b a s e  b y  a n  o - r i n g  i n t o  w h ich  i t  
f i t t e d  t i g h t l y .  The b a s e  i t s e l f  w as  h e l d  a g a i n s t  a  l o w e r  p l a t e  b y  f o u r  
s c r e w s  f a s t e n e d  b y  e a s i l y  r e m o v a b l e  w in g  n u t s  a n d  t h e  j o i n t  a l s o  
s e a l e d  b y  a n  o - r i n g .  T h e  l o w e r  p l a t e  c o u l d  a l s o  b e  m o v e d  p e r p e n d i c u l a r  
t o  t h e  b e a m  s o  t h a t  t h e  b e a m  c o u l d  b e  l o c a t e d  a n y w h e r e  a l o n g  a 
d i a m e t e r  o f  t h e  s a m p l e .
The s a m p l e  w as  s u p p o r t e d  on a  c i r c u l a r  t u r n t a b l e ,  o f  a b o u t  3 . 5  cm
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d i a m e t e r ,  w i t h  a  n a r r o w  r i m .  R o t a t i o n  o f  t h e  t u r n t a b l e  w as  p o s s i b l e  b y  
m e a n s  o f  a  s t e p p e r  m o t o r  s y s t e m  (T im e a n d  P r e c i s i o n ,  W h itn e y  R o a d ,  
D a n e h i l l  E a s t ,  B a s i n g s t o k e ,  H a m p s h i r e ,  E n g l a n d ) . D e g r e e  o f  r o t a t i o n  
b e t w e e n  i n d i v i d u a l  s h o t s  c o u l d  b e  c o n t r o l l e d  s o  t h a t  o p t im u m  d i s t a n c e  
b e t w e e n  a b l a t e d  p i t s  c o u l d  b e  s e t  u p .  S y n c h r o n i s a t i o n  b e t w e e n  l a s e r  
f i r i n g  a n d  s t e p p i n g  w as  a c h i e v e d  w i t h  a n  i n t e r f a c e  ( i n  h o u s e  d e s i g n )  
t h a t  c o n t r o l l e d  b o t h  t h e  p u l s e  r a t e  o f  t h e  l a s e r  a n d  c o r r e s p o n d i n g
s t e p p i n g ,  w h ich  o n l y  o c c u r r e d  b e t w e e n  l a s e r  p u l s e s .  T he  n um ber  o f
l a s e r  p u l s e s  t o  b e  f i r e d  i n  s e q u e n c e  c o u l d  a l s o  b e  s e l e c t e d .  I n  
a d d i t i o n ,  t h e  i n t e r f a c e  a l l o w e d  t h e  l a s e r  t o  t r i g g e r  d a t a  a c c u m u l a t i o n  
b y  t h e  m a s s  s p e c t r o m e t e r ;  e i t h e r  i m m e d i a t e l y  a f t e r  t h e  f i r s t  l a s e r  
p u l s e  o r  a f t e r  a  s e l e c t a b l e  d e l a y  t i m e .
A s c h e m a t i c  o f  t h e  a b l a t i o n  c e l l  a n d  a s s o c i a t e d  g a s  l i n e s  i s  show n i n  
F i g u r e  1 1 .  A r g o n  g a s  w as  f e d  t o  t h e  c e l l  v i a  a  f l o w m e t e r  ( F i s h e r  
c o n t r o l s ,  C r o y d o n ,  E n g l a n d )  a n d  a  c o p p e r  t u b e  w h ic h  d i r e c t e d  t h e  
i n i t i a l  f l o w  a l o n g  t h e  c e l l  w a l l .  T h u s  t h e  a r g o n  s w i r l e d  a r o u n d  t h e
c e l l  a b o v e  t h e  s a m p l e  a n d  t h e  o u t f l o w  w as t a k e n  f r o m  a  p o i n t  j u s t
b e l o w  t h e  c e l l  t o p .
P o l y  ( v i n y l  c h l o r i d e )  t u b e  o f  i . d .  5 mm c o n n e c t e d  t h e  c e l l  a n d  
t o r c h  v i a  a  tw o -w a y  v a l v e  w h ic h  e n a b l e d  d i r e c t  f l o w  t o  t h e  p l a s m a  o r  
p u r g i n g  t o  a t m o s p h e r e .  N o t e  t h a t  p r e v i o u s l y ,  4 mm i . d .  t u b i n g  w as  u s e d  
( G r a y ,  1 9 8 5 b ) . T h i s  m ay h a v e  i m p l i c a t i o n s  f o r  s y s t e m  o p t i m i s a t i o n  a n d  
i s  d i s c u s s e d  i n  C h a p t e r  3 .
An a d d - i n  f l o w ,  t o  e n s u r e  c o n t i n u o u s  g a s  s u p p l y  t o  t h e  i n j e c t o r  o f  t h e  
t o r c h  e v e n  i f  t h e  c e l l  f l o w  w as  o b s t r u c t e d ,  j o i n e d  t h e  c e l l  f l o w
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b e y o n d  t h e  tw o - w a y  v a l v e ,  a b o u t  30 cm f r o m  t h e  c e l l .  A d d i t i o n a l  
r e a s o n s  f o r  t h e  u s e  o f  a n  a d d - i n  f l o w  w e r e :  (a )  t o  m a i n t a i n  t h e  t o t a l
c e n t r a l  c h a n n e l  f l o w  t o  k e e p  b a c k g r o u n d  c o u n t  l e v e l s  l o w ;  (b) t o  a l l o w  
t h e  c e l l  f l o w  t o  b e  v a r i e d  w i t h o u t  a l t e r i n g  t h e  t o t a l  c e n t r a l  c h a n n e l  
f l o w ,  a  n e c e s s a r y  r e q u i r e m e n t  f o r  f u n d a m e n t a l  s t u d i e s .  T h e  a d d - i n  f l o w  
w as  m e a s u r e d  b y  a  F i s h e r  f l o w m e t e r  a n d  m i x e d  w i t h  t h e  c e l l  f l o w  b y  
m e a n s  o f  a  t a n g e n t i a l  f l o w  c o n n e c t o r .  H en ce  t h e  a d d - i n  f l o w  a l s o  
f o r m e d  a  s p i r a l l i n g  s h e a t h  g a s  f o r  som e d i s t a n c e  b e y o n d  t h e  c o n n e c t o r  
w h ic h  h e l p e d  t o  m i n i m i s e  s a m p l e  d e p o s i t i o n  on  t h e  t u b e  w a l l s  a n d  t h u s  
r e d u c e  m emory e f f e c t s .
T he  t o t a l  c e l l  t o  t o r c h  d i s t a n c e  w as  a b o u t  1 . 5  m e t e r s .  A l t h o u g h  a  
s h o r t e r  d i s t a n c e  m i g h t  b e  t h o u g h t  t o  g i v e  h i g h e r  t r a n s p o r t  
e f f i c i e n c i e s  a n d  h e n c e  g r e a t e r  s i g n a l s ,  t h i s  i s  n o t  b o r n e  o u t  b y  
e x p e r i m e n t  a s  w i l l  b e  d i s c u s s e d  i n  C h a p t e r  3 .  I n  a d d i t i o n ,  i n  t h i s  
p a r t i c u l a r  s y s t e m  t h e  c e l l  t o  t o r c h  d i s t a n c e  c o u l d  o n l y  b e  s h o r t e n e d  
a t  t h e  e x p e n s e  o f  a  r e - d e s i g n  o f  t h e  t o r c h  h o u s i n g .
C l e a n i n g  o f  t h e  a b l a t i o n  c e l l  h a s  a l r e a d y  b e e n  n o t e d .  F i n e  p o w d e r ,  
e s p e c i a l l y  f r o m  c o m p a c t e d  s a m p l e s ,  a l s o  a c c u m u l a t e d  i n  t h e  t u b i n g  a n d  
t h e  v a l v e .  The f o r m e r  w as  e a s i l y  r e p l a c e d  a n d  t h e  l a t t e r  c l e a n e d  b y  
m e a n s  o f  a  p i p e  c l e a n e r .
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3 . 0  FUNDAMENTAL STUDIES
3 . 1  I n t r o d u c t i o n
The p e r f o r m a n c e  o f  a n  LA-ICP-M S s y s t e m  d e p e n d s  on  a  h o s t  o f  p a r a m e t e r s  
r e l a t e d  t o  t h e  v a r i o u s  s t a g e s  n e c e s s a r y  t o  p r o c e e d  f r o m  s a m p l e  
a b l a t i o n  t o  i o n  c o u n t i n g .  T h e s e  v a r i a b l e s  r e l a t e  t o  t h e  l a s e r ,  s a m p l e ,  
t r a n s p o r t  o f  s a m p l e  m a t e r i a l  a n d  t o  t h e  ICP i t s e l f .  An i n d i c a t i o n  o f  
t h e  t y p e s  o f  p a r a m e t e r  o f  i n t e r e s t  a r e  g i v e n  i n  T a b l e  2 .
C l e a r l y  t h e  am ou n t  o f  m a t e r i a l  r e m o v e d  b y  a  l a s e r  p u l s e  d e p e n d s  u p o n  
i t s  c h a r a c t e r i s t i c s  a n d  t h o s e  o f  t h e  m a t e r i a l  a b l a t e d .  T h u s  t h e  
a b s o r p t i o n  o f  r a d i a t i o n  o f  a  p a r t i c u l a r  w a v e l e n g t h  a n d  t h e  r a t e  o f  
d i s s i p a t i o n  o f  h e a t ,  w h ic h  i s  i n f l u e n c e d  b y  t h e  m a t e r i a l ' s  t h e r m a l  
c o n d u c t i v i t y ,  a r e  b o t h  i m p o r t a n t  p a r a m e t e r s .  I n  g e n e r a l ,  tw o  e l e m e n t s  
i n  a  s o l i d  a t  e q u a l  c o n c e n t r a t i o n s  r e q u i r e  d i f f e r e n t  c h a r a c t e r i s t i c  
e n e r g i e s  t o  p r o d u c e  v a p o u r  p h a s e  a t o m s  ( H a g e r ,  1 9 8 9 ) .  T he  m a g n i t u d e  o f  
s u c h  d i f f e r e n c e s  a r e  i m p o r t a n t  i n  t h a t  t h e y  d e t e r m i n e  how c l o s e l y  t h e  
c o m p o s i t i o n  o f  t h e  v a p o u r  r e p r e s e n t s  t h a t  o f  t h e  s a m p l e .  I n  a d d i t i o n ,  
t h e  c o n d i t i o n s  i n  t h e  p l a s m a  w i l l  d e t e r m i n e  t h e  d e g r e e  o f  
v o l a t i l i s a t i o n  a n d  i o n i s a t i o n  a n d  h e n c e  t h e  s y s t e m  r e s p o n s e .
T h e s e  s o r t s  o f  p a r a m e t e r  a r e  o f  o b v i o u s  i n t e r e s t  a n d  a r e  e x a m i n e d  i n  
t h i s  c h a p t e r .  H o w e v e r ,  t h e  i n t e r a c t i o n  o f  l a s e r  l i g h t  w i t h  s o l i d  
m a t e r i a l  h a s  b e e n  o f  i n t e r e s t  t o  p h y s i c i s t s  a n d  s p e c t r o s c o p i s t s  f o r  
m any y e a r s ,  a n d  c o n s e q u e n t l y  a n  u n d e r s t a n d i n g  o f  t h e  u n d e r l y i n g  
p h y s i c a l  p r o c e s s e s  h a s  b e e n  b u i l t  u p .  T h i s  l i t e r a t u r e  i s  r e v i e w e d  
b e f o r e  t h e  s p e c i f i c  i n v e s t i g a t i o n s  u n d e r t a k e n  h e r e  a r e  d e l i n e a t e d .
49
Table 2 : System Parameters Of Interest
Origin Vari able
LASER Wave length
Energy
Mode
Polarisation 
Incident beam geometry 
Beam focusing, etc
SAMPLE Elemental composition 
Atomic structure 
Density
Thermal conductivity 
Reflectivity 
Specific heat capacity 
Boi1ing- temperature, etc
TRANSPORT Length & diameter of system tubing 
Injector gas flow rates
PLASMA Forward r.f. plasma power
Loadcoi1-samp 1ing aperture separation
Injector bore
Coolant and auxiliary flows 
Mixed gases
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3 .2 L i t e r a t u r e  on l a s e r - s o l i d  i n t e r a c t i o n
3 . 2 . 1 I n f l u e n c e  o f  l a s e r  p a r a m e t e r s  on a b l a t i o n
3 . 2 . 1 . 1 I n t r o d u c t i o n
T he i n t e r a c t i o n  o f  l a s e r  r a d i a t i o n  w i t h  s o l i d  m a t e r i a l  i s  a
c o m p l i c a t e d  p r o c e s s .
A p o r t i o n  o f  l a s e r  l i g h t  i n c i d e n t  on a  s a m p l e  s u r f a c e  i s  a b s o r b e d  t o  a  
d e p t h  o f  som e m i c r o m e t e r s .  L a s e r  p h o t o n s  a r e  a b s o r b e d  b y  e l e c t r o n s  i n  
t h e  c o n d u c t i o n  b a n d  o f  t h e  m a t e r i a l  a n d  t h e  e n e r g y  i s  g i v e n  u p  b y
c o l l i s i o n s  w i t h  o t h e r  e l e c t r o n s  a n d  l a t t i c e  p h o n o n s ,  i . e .  c o n v e r t e d  t o  
h e a t .  The t i m e  b e t w e e n  c o l l i s i o n s  i s  much l e s s  t h a n  t h e  l e n g t h  o f  e v e n
a  Q - s w i t c h e d  p u l s e ,  s o  t h e  a b s o r b e d  l a s e r  e n e r g y  i s  e f f e c t i v e l y
t r a n s f e r r e d  i n s t a n t a n e o u s l y  t o  t h e  s o l i d  a s  h e a t .
E v e n  lo w  e n e r g y  ( fe w  m J) f r e e - r u n n i n g  p u l s e s  c a n  t r a n s f e r  s u f f i c i e n t  
e n e r g y  t o  t h e  r e g i o n  o f  i m p a c t  t o  r a i s e  t h e  t e m p e r a t u r e  o f  m any 
m a t e r i a l s  t o  t h e i r  m e l t i n g  a n d  i n d e e d  t h e i r  b o i l i n g  p o i n t .  
C o n s e q u e n t l y ,  m a t e r i a l  e r u p t s  a t  h i g h  v e l o c i t y  a n d  a  c r a t e r  i s  f o r m e d  
i n  t h e  s a m p l e  s u r f a c e  ( K l o c k e ,  1 9 6 9 )  . The p r o c e s s  i s  i l l u s t r a t e d  i n  
F i g u r e  1 2 .
A l t h o u g h  t h e r e  a r e  s i m i l a r i t i e s  i n  t h e  p r o c e s s e s  i n v o l v e d  when lo w  a n d  
h i g h  i n c i d e n t  i r r a d i a n c e s  a r e  e x p e r i e n c e d  b y  a  s a m p l e  s u r f a c e ,  t h e  
d i f f e r e n c e s  a r e  s u c h  t h a t  s e p a r a t e  m o d e l s  a r e  r e q u i r e d .  The l o w - h i g h
O
i r r a d i a n c e  d i s t i n c t i o n  r e l a t e s  t o  i r r a d i a n c e s  o f  l e s s  t h a n  10 W cm-2
g
a n d  h i g h e r  t h a n  10 W cm -2 r e s p e c t i v e l y  ( L a q u a ,  1 9 7 9 ) .  T h e s e  
c a t e g o r i e s  may a l s o  c o r r e s p o n d  c r u d e l y  t o  f r e e - r u n n i n g  a n d  Q - s w i t c h e d
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m o d e s .  I n  t h e  f o r m e r  c a s e ,  t h o u g h  t h e r e  i s  som e v a p o r i s a t i o n ,  much o f  
t h e  m a t e r i a l  i s  r e m o v e d  i n  t h e  f o r m  o f  d r o p l e t s .  I n  t h e  l a t t e r  c a s e ,  
h o w e v e r ,  t h e  h i g h e r  t e m p e r a t u r e s  p r o d u c e d  a t  t h e  s a m p l e  s u r f a c e  l e a d  
t o  v a p o u r  w h ich  i s  much h o t t e r  t h a n  t h e  b o i l i n g  p o i n t  o f  t h e  m a t e r i a l .  
I o n i s a t i o n  o f  t h e  g a s  a b o v e  t h e  s a m p l e  o c c u r s  a n d  a  p l a s m a  i s  f o r m e d ,  
w h ic h  i n  t u r n  a b s o r b s  som e o f  t h e  i n c o m i n g  l a s e r  r a d i a t i o n  a n d  t o  som e 
e x t e n t ,  s h i e l d s  t h e  s a m p l e  s u r f a c e .
To i l l u s t r a t e  t h e  c o m p l e x i t y  o f  t h e  l a s e r - s o l i d  i n t e r a c t i o n  i t  i s  
i n t e r e s t i n g  t o  n o t e  t h a t  a  p l a s m a  may a l s o  b e  f o r m e d  e a r l i e r  i n  t h e  
i n t e r a c t i o n ,  a n d  t h a t  t h i s  may o c c u r  i n  e i t h e r  t h e  f r e e - r u n n i n g  o r  Q- 
s w i t c h e d  m o d es  ( P i e p m e i e r ,  1 9 8 6 ) .  E l e c t r o n s  a n d  i o n s  a r e  r e l e a s e d  
f r o m  t h e  s a m p l e  s u r f a c e  a t  t h e  b e g i n n i n g  o f  a  l a s e r  p u l s e  d u e  t o  
t h e r m i o n i c  a n d  p h o t o e l e c t r i c  p r o c e s s e s .  F r e e  e l e c t r o n s  m ay a b s o r b  m ore  
e n e r g y  f r o m  t h e  l a s e r  p u l s e  b y  i n v e r s e  b r e m s s t r a h l u n g  a n d  h e n c e  
i n i t i a t e  p l a s m a  f o r m a t i o n  a b o v e  t h e  s a m p l e .
3 . 2 . 1 . 2  W a v e l e n g t h ,  m ode ,  i r r a d i a n c e .  f o c u s i n g ,  p o l a r i s a t i o n
The c h o i c e  o f  l a s e r  w a v e l e n g t h  h a s  a  c o n s i d e r a b l e  i n f l u e n c e  on
v a p o r i s a t i o n  a n d  i o n i s a t i o n ;  w h ic h  t e n d  t o  b e  h i g h e r  a t  s h o r t e r
w a v e l e n g t h s ,  g i v i n g  h i g h e r  s e n s i t i v i t i e s  (B in g h a m  & S a l t e r ,  1 9 6 7 ;
E l o y ,  1 9 8 0 ) .  The w a v e l e n g t h  o b t a i n a b l e  d e p e n d s  on t h e  t y p e  o f  l a s e r
e m p l o y e d  e . g . ,  X e C l  e x c i m e r  ( 0 . 3 0 8  urn), r u b y  ( 0 . 6 9 4  urn), N d : YAG ( 1 . 0 6
urn ) . T h e r e  a r e  m e t h o d s  f o r  o b t a i n i n g  h a l f  t h e  u s u a l  o u t p u t  w a v e l e n g t h ,
a n d  d y e  l a s e r s  a r e  t u n a b l e  t o  s p e c i f i c  w a v e l e n g t h s .  B y  f r e q u e n c y
d o u b l i n g  t h e  1 . 0 6  urn o u t p u t  f r o m  a  Nd g l a s s  l a s e r  F a b b r o  e t  a l .  (1 9 8 2 )
w e re  a b l e  t o  show  t h a t  t h e  m a s s  a b l a t i o n  r a t e  o f  t h i n  f i l m s  i n c r e a s e d
s t r o n g l y  a t  s h o r t e r  w a v e l e n g t h s  u n d e r  h i g h  i r r a d i a n c e  c o n d i t i o n s  (10 1 S
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W cm -2 ) .
V a p o r i s a t i o n  r e q u i r e s  t h a t  s u f f i c i e n t  e n e r g y  i s  s u p p l i e d  t o  a  
p a r t i c u l a r  s a m p l e  v o lu m e  a t  a  r a t e  w h ic h  o v e r c o m e s  e n e r g y  l o s s e s ,  i s  
s u f f i c i e n t  t o  r a i s e  i t s  t e m p e r a t u r e  t o  b o i l i n g  p o i n t ,  a n d  t o  s u p p l y  
t h e  l a t e n t  h e a t  o f  v a p o r i s a t i o n .  T he  h i g h  i r r a d i a n c e s  d e r i v e d  f r o m  Q- 
s w i t c h e d  p u l s e s  p r o d u c e  s a m p l e  v a p o r i s a t i o n ,  b u t  o t h e r w i s e  h a v e  
r e l a t i v e l y  l i t t l e  p h y s i c a l  e f f e c t .  T he  e x a c t  i n t e r a c t i o n s  d e p e n d  on 
w h e t h e r  t h e  Q - s w i t c h  p r o d u c e s ,  a s  d e s i r e d ,  a  s i n g l e  w e l l  d e f i n e d  
p u l s e .  A d v a n t a g e s  o f  t h e  Q - s w i t c h e d  mode i n c l u d e  t h e  h i g h  t e m p e r a t u r e s  
p r o d u c e d  a n d  t h e i r  s h o r t  d u r a t i o n .  T h u s  d i f f e r e n t i a l  v o l a t i l i s a t i o n  o f  
d i f f e r e n t  e l e m e n t s  i s  n o t  e x p e c t e d .  A g a i n s t  t h i s ,  h o w e v e r ,  l e s s  s a m p l e  
i s  r e m o v e d  t h a n  w i t h  t h e  e q u i v a l e n t  f r e e - r u n n i n g  l a s e r  p u l s e  a n d  t h i s  
m ay b e  o f  m o re  i m p o r t a n c e  when a b l a t e d  m a t e r i a l  i s  v o l a t i l i s e d  a n d  
i o n i s e d  i n  a  s e p a r a t e  p r o c e s s ,  i . e .  i n  a n  IC P .
A f r e e - r u n n i n g  p u l s e  c o n t a i n s  m any s p i k e s  o f  d i f f e r e n t  i n t e n s i t y  a n d  
d u r a t i o n .  The w h o le  p u l s e  e n v e l o p e  i s  r e l a t i v e l y  l o n g  a n d  i r r a d i a n c e s  
c o r r e s p o n d i n g l y  l o w .  T h u s  a  c o n s i d e r a b l e  am ou n t  o f  m o l t e n  m a t e r i a l  i s  
r e m o v e d  f r o m  t h e  s a m p l e  a n d  a  d e e p  p i t  w i t h  a  c o n s i d e r a b l e  c r a t e r  w a l l  
i s  p r o d u c e d  (Van D e i j c k  e t  a l . . 1 9 7 9 ) .
The f o c u s i n g  o f  t h e  i n c i d e n t  l a s e r  b ea m  i s  i m p o r t a n t  s i n c e  i t  
i n f l u e n c e s  t h e  i r r a d i a n c e  a t  t h e  s a m p l e  s u r f a c e  a n d  i t s  d i s t r i b u t i o n .  
A l a s e r  p u l s e  w i t h  w e l l - d e f i n e d  m o d e s  i s  t h e  b e s t  f o r  a n a l y t i c a l  
d e t e r m i n a t i o n s .  H e r e  t h e  t e r m  m ode d e n o t e s  t h e  p a t t e r n  o f  i n t e n s i t y  i n  
a  p l a n e  p e r p e n d i c u l a r  t o  t h e  b e a m .
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m inim um  s i z e  t h e o r e t i c a l l y  p o s s i b l e .  I f  a  p e r f e c t  l e n s ,  o f  r a d i u s  a ,
a n d  f o c a l  l e n g t h  L ,  i s  u s e d  t o  f o c u s  a  G a u s s i a n  b e a m ,  a  G a u s s i a n  p o w e r
d e n s i t y  d i s t r i b u t i o n  i s  p r o d u c e d  i n  t h e  f o c a l  p l a n e .  T he  r a d i u s  Rq a t
o
w h ic h  t h e  p o w e r  d e n s i t y  o f  t h e  f o c a l  s p o t  i s  1 / e  t i m e s  t h e  maximum 
v a l u e  a t  t h e  c e n t r e  o f  a  f o c u s e d  G a u s s i a n  b eam  w a s  g i v e n  b y  R e a d y ,  
( 1 9 7 1 ) ,
R0 = \ L / n  R .........................................................................................(3 )  ,
p r o v i d e d  R i s  t h e  u n f o c u s e d  b e a m  r a d i u s .  T h u s  t h e  s p o t  s i z e  i s  
d i r e c t l y  p r o p o r t i o n a l  t o  t h e  f o c a l  l e n g t h .
S i m i l a r l y ,  c o n s i d e r a t i o n  o f  t h e  s p o t  s i z e  p r o d u c e d  b y  f o c u s i n g  a  
u n i f o r m  p l a n e  w a v e f r o n t s  y i e l d s
r  =  1 . 2 2 \ l / D  (4 )  ,
p r o v i d e d  D i s  t h e  a p e r t u r e  o f  t h e  l a s e r  d e v i c e  ( S c o t t  & S t r a s h e i m ,
1 9 7 8 )  .
P r a c t i c a l  l a s e r  s y s t e m s ,  h o w e v e r ,  c a n  g i v e  r i s e  t o  c o m p l e x  m ode 
p a t t e r n s  d u e  t o  m i r r o r  a n d  l e n s  i m p e r f e c t i o n s ,  b u t  t h e r e  a r e  m e t h o d s  
t o  r e d u c e  t h e  n u m ber  o f  o f f - a x i s  m o d e s  i n  p u l s e d  l a s e r s  ( M a g y a r ,  1 9 6 7 ;
R o s s ,  1 9 6 9 ) .  A l t h o u g h  t h e  t o t a l  o u t p u t  p o w e r  o f  a  l a s e r  may b e  r e d u c e d
b y  m ode s e l e c t i n g  d e v i c e s ,  t h e  p o w e r  p e r  mode may b e  i n c r e a s e d  s e v e r a l  
o r d e r s  o f  m a g n i t u d e ,  r e s u l t i n g  i n  much h i g h e r  i r r a d i a n c e s .
An a p p r o x i m a t i o n  t o  t h e  s p o t  s i z e  i n  r e a l  c a s e s  i s  g i v e n  b y ;
r  =  s L / 2 .........................................................................................( 5 ) ,
p r o v i d e d  s  i s  t h e  d i v e r g e n c e  a n g l e  o f  t h e  b e a m  ( S c o t t  & S t r a s h e i m ,
1 9 7 8 ) .  N o t  o n l y  a r e  s u c h  f o r m u l a e  a p p r o x i m a t i o n s  b a s e d  on  s i m p l i f y i n g
A b eam  w i t h  a G a u s s ia n  d i s t r i b u t i o n  c a n  b e  fo c u s e d  t o  a s p o t  o f  t h e
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a s s u m p t i o n s ,  b u t  c a r e  i s  n e e d e d  i n  t h e i r  i n t e r p r e t a t i o n .  F o r  e x a m p l e  
c r a t e r  s i z e s  i n  a b l a t e d  m a t e r i a l s  w i l l  b e  l a r g e r  t h a n  t h e  s p o t  s i z e  
d u e  t o  h e a t  t r a n s f e r  p r o c e s s e s  e t c .
T he  d e g r e e  o f  p o l a r i s a t i o n  o f  t h e  i n c i d e n t  l i g h t  i n f l u e n c e s  t h e  l a s e r -  
s a m p l e  c o u p l i n g .  I t  i s  f o u n d  t h a t  i t  i s  p o l a r i s a t i o n  p a r a l l e l  t o  t h e  
s u r f a c e  t h a t  g i v e s  maximum c o u p l i n g  t o  t h e  s u b s t r a t e  (W e lc h ,  1 9 8 6 ) .
3 . 2 . 1 . 3  R e p e t i t i o n  r a t e
The n u m b er  o f  p u l s e s  c l e a r l y  i n f l u e n c e s  t h e  d e p t h  o f  c r a t e r s  p r o d u c e d  
i n  s a m p l e  m a t e r i a l .  T h i s  r e l a t e s  t o  t h e  mode u s e d  ( Q - s w i t c h e d  o r  f r e e -  
r u n n i n g )  a n d  i t s  t o t a l  e n e r g y .  A n u m b er  o f  i n v e s t i g a t o r s  h a v e  l o o k e d  
a t  t h i s  p a r a m e t e r ,  f i n d i n g  t h a t  c r a t e r  d e p t h  i n c r e a s e d  w i t h  t h e  n u m ber  
o f  s p i k e s  w i t h i n  a  l a s e r  t r a i n  ( M o e n k e - B l a n k e n b u r g  & M o h r,  1 9 7 0 ;  S c o t t  
& S t r a s h e i m ,  1 9 7 1 ;  M ohr,  1 9 7 1 ) .
3 . 2 . 1 . 4  A n g l e  o f  i n c i d e n c e
T he e r u p t i o n  o f  v o l a t i l i s e d  m a t e r i a l ,  t o g e t h e r  w i t h  h i g h  e n e r g y  i o n s  
a n d  e l e c t r o n s ,  a t  s p e e d s  o f  a r o u n d  1 0 4 cm s - 1 ,  f r o m  a  s u r f a c e  a b l a t e d  
b y  a  f r e e - r u n n i n g  l a s e r ,  f o r m s  a  p l a s m a  p lu m e  i n  t h e  r e g i o n  a b o v e  t h e  
s a m p l e  ( L a q u a ,  1 9 7 9 ) .  B u l g a r i a n  w o r k e r s  h a v e  show n r e c e n t l y  t h a t  t h e  
e r o s i o n  p r o d u c t s  e m e r g e  n e a r l y  p e r p e n d i c u l a r  t o  t h e  s a m p l e  s u r f a c e .  
M o r e o v e r ,  when t h e  s u r f a c e  i s  i n c l i n e d  w i t h  r e s p e c t  t o  t h e  d i r e c t i o n  
o f  t h e  l a s e r  r a d i a t i o n ,  t h e  p a t h  l e n g t h  o f  t h e  r a d i a t i o n  i n  t h e  p l a s m a  
i s  s h o r t e n e d  w h ich  r e s u l t s  i n  d e c r e a s e d  a b s o r p t i o n  o f  t h e  l a s e r  e n e r g y  
i n  t h e  l a s e r - p r o d u c e d  p l a s m a  ( D i m i t r o v  & Z h e l e v a ,  1 9 8 4 )  . T h i s  l e a d s  t o  
i m p r o v e d  r e p r o d u c i b i l i t y  a n d  l i m i t s  o f  d e t e c t i o n  i n  l a s e r  m i c r o p r o b e  
a n a l y s i s  w i t h  a u x i l i a r y  e x c i t a t i o n .
T h i s  w ork  a l s o  e l u c i d a t e s  t h e  a b l a t i o n  p r o c e s s  i t s e l f ,  t e n d i n g  t o  
n e g a t e  t h e  r e c e n t  s u g g e s t i o n  t h a t  i t  i s  t h e  i n t e r a c t i o n  o f  t h e  p l a s m a  
p lu m e  w i t h  t h e  s a m p l e  s u r f a c e  w h e r e b y  a  p o o l  o f  l i q u i d  i s  f o r m e d  w h ic h  
i s  t h e n  e x p l o s i v e l y  e j e c t e d  f r o m  t h e  s p e c i m e n  ( C h e n e r y  e t .  a l . ,  1 9 8 8 )  . 
F u r t h e r  d i s c u s s i o n  o f  t h e  l a s e r  p lu m e  i s  g i v e n  i n  s e c t i o n  3 . 2 . 3 .
3 . 2 . 2  I n f l u e n c e  o f  s a m p l e  p a r a m e t e r s  on a b l a t i o n
3 . 2 . 2 . 1  S t r u c t u r e
C l e a r l y  t h e  m a t e r i a l  a b l a t e d  h a s  a  s t r o n g  a f f e c t  o n  t h e  l a s e r - s o l i d  
i n t e r a c t i o n .  T h i s  i s  p a r t l y  b e c a u s e  i t s  c o m p o s i t i o n  d e t e r m i n e s  o t h e r  
p r o p e r t i e s  w h ic h  a r e  o f  i m p o r t a n c e  e . g .  r e f l e c t i v i t y ,  t h e r m a l  
c o n d u c t i v i t y ,  s p e c i f i c  h e a t  c a p a c i t y ,  l a t e n t  h e a t s  o f  f u s i o n  a n d  
v a p o r i s a t i o n ,  b o i l i n g  p o i n t ,  e t c .  H o w e v e r ,  t h e  s t r u c t u r e  a n d  s p e c i f i c  
b o n d i n g  o f  t h e  m a t e r i a l  i s  o f  i m p o r t a n c e  t o o .  F o r  e x a m p l e ,  c r y s t a l  
o r i e n t a t i o n  h a s  a n  i n f l u e n c e  on  t h e  am ou n t  o f  m a t e r i a l  e v a p o r a t e d  
( K i r c h h e i m  e t  a l . ,  1 9 7 6 ) ,  a n d  h i g h  p u r i t y  c a r b o n  i n  t h e  f o r m  o f  s a y ,  
g r a p h i t e  o r  d i a m o n d ,  c o u l d  n o t  b e  e x p e c t e d  t o  a b l a t e  i n  t h e  sam e  
m a n n e r .  The l a t t e r  e x a m p l e ,  t h o u g h  p e r h a p s  a n  e x t r e m e  o n e ,  i l l u s t r a t e s  
t h e  d i f f i c u l t i e s  t o  b e  e n c o u n t e r e d  i n  c a l i b r a t i o n ,  a n d  t h e  n e e d  f o r  
m a t r i x - m a t c h e d  s t a n d a r d s ,  a t  l e a s t  a s  a  s t a r t i n g  p o i n t  f o r  f u r t h e r  
w o r k .
3 . 2 . 2 . 2  P h y s i c a l  p r o p e r t i e s
The  r e f l e c t i v i t y  o f  t h e  s a m p l e  s u r f a c e ,  t h e  d e n s i t y ,  t h e  s p e c i f i c  
h e a t ,  a n d  t h e  b o i l i n g  t e m p e r a t u r e  o f  t h e  t a r g e t  h a v e  a n  e f f e c t  on t h e  
s h a p e  a n d  s i z e  o f  c r a t e r s  i n  p u r e  m e t a l s  ( A l l e m a n d ,  1 9 7 2 ;  M a r g o s h e s ,  
1 9 7 2 ;  Yam ane & M a t s u s h i t a ,  1 9 7 2 ;  K a w a g u c h i  e t  a l . ,  1 9 8 2 ;  I s h i z u k a ,
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1 9 7 3 ) .  The d e p e n d e n c y  o f  t h e  t i m e  t a k e n  t o  r e a c h  v a p o r i s a t i o n  on  som e 
o f  t h e s e  p a r a m e t e r s  i s  i l l u s t r a t e d  b y  t h e  r e l a t i o n s h i p ^
t v  =  K d C (T v - T Q) 2 / 4 F 2 ............................................................. (6)
p r o v i d e d  K , d ,  C a n d  F a r e  t h e  t h e r m a l  c o n d u c t i v i t y ,  d e n s i t y ,  h e a t  
c a p a c i t y  p e r  u n i t  m a s s  a n d  p o w e r  d e n s i t y ,  r e s p e c t i v e l y ,  a n d  Tv  a n d  T q 
a r e  t h e  v a p o r i s a t i o n  t e m p e r a t u r e  a n d  t h e  i n i t i a l  t e m p e r a t u r e ,  
r e s p e c t i v e l y  ( R e a d y ,  1 9 7 1 ) .
F o r  a n  i r o n  t a r g e t  A d r i a n  e t  a l .  ( 1 9 8 0 )  c a l c u l a t e d  t h a t  t h e  t i m e  t o  
r e a c h  t h e  b o i l i n g  p o i n t  o f  3 0 0 0  K u n d e r  a n  i r r a d i a n c e  o f  2 MW cm -2 w as 
a b o u t  4 m i c r o s e c o n d s .
C l e a r l y  t h e  d e g r e e  o f  r e f l e c t i v i t y  i s  a l s o  i m p o r t a n t ?  b l a c k  s a m p l e s  
b e i n g  e a s i e r  t o  a b l a t e  t h a n  p o l i s h e d  m e t a l s  o r  g l a s s e s .  T e x t u r e  i s  
i m p o r t a n t  a l s o ,  s i n c e  a  r o u g h  s u r f a c e  h a s  a  g r e a t e r  e f f e c t i v e  s u r f a c e  
a r e a  p e r  u n i t  c r o s s - s e c t i o n  o f  t h e  b e a m  t h a n  a  s m o o t h  o n e ,  a n d  h e n c e  
e x p e r i e n c e s  a  l o w e r  p o w e r  p e r  u n i t  a r e a  u n d e r  t h e  sa m e  c o n d i t i o n s  
(H u ie  & Y e u n g ,  1 9 8 6 ) .
3 . 2 . 2 . 3  L a s e r - i n d u c e d  r e a c t i o n s
The i n t e r a c t i o n  o f  l a s e r  l i g h t  w i t h  t h e  m a t e r i a l  o f  t h e  c r a t e r  w a l l  
s u r r o u n d i n g  an  a b l a t i o n  p i t  c a n  g i v e  r i s e  t o  c h e m i c a l  r e a c t i o n s  w i t h i n  
t h i s  m a t e r i a l .  H en ce  t h e  v a p o r i s a t i o n  c o n d i t i o n s  f o r  t h e  n e x t  l a s e r  
s h o t  m ay b e  c h a n g e d  ( J a i n  e t  a l . ,  1 9 8 1 ) .  I n  a d d i t i o n ,  d i f f e r e n t i a l  
v o l a t i l i s a t i o n  o f  m o re  v o l a t i l e  e l e m e n t s  may o c c u r .  F o r  e x a m p l e ,  a  
d e c r e a s e  i n  t h e  c o n c e n t r a t i o n  o f  c o p p e r  i n  a  p l a s m a  c l o u d  w as  o b s e r v e d  
f o l l o w i n g  a  s e c o n d a r y  f i r i n g  o f  t h e  l a s e r  a t  t h e  r e s u l t i n g  c r a t e r  i n  
a n  a l u m i n i u m  a l l o y  ( O s t e n  & P i e p m e i e r ,  1 9 7 3 ) .
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A s h a s  b e e n  n o t e d  a b o v e  t h e  e v o l u t i o n  o f  t h e  l a s e r - s o l i d  i n t e r a c t i o n  
d e p e n d s  on m any p a r a m e t e r s  a n d  d i f f e r s  f o r  f r e e - r u n n i n g  a n d  Q - s w i t c h e d  
p u l s e s . F o r  t h e  f o r m e r ,  t h e  s a m p l e  m a t e r i a l  a t  t h e  s u r f a c e  i s  n o t  
h e a t e d  much a b o v e  i t s  b o i l i n g  t e m p e r a t u r e  (Howe, 1 9 6 3 ) ,  b u t  t h e  
m a t e r i a l  i s  e j e c t e d  i n  a  c o m p l i c a t e d  d y n a m ic  p r o c e s s  ( S c o t t  & 
S t r a s h e i m ,  1 9 7 0 ) .  H i g h -  s p e e d  p h o t o g r a p h y  o f  a  f r e e - r u n n i n g  l a s e r  
p u l s e  i n c i d e n t  on a n  a l u m i n i u m  s a m p l e  r e v e a l e d  t h e  e j e c t i o n  o f
p a r t i c l e s  a n d  a n  a p p a r e n t l y  c y l i n d r i c a l  s h e a t h  o f  m o l t e n  m e t a l  f r o m  
t h e  c i r c u m f e r e n c e  o f  t h e  c r a t e r .  A c o m p l i c a t e d  i n t e r a c t i o n  w i t h  t h e  
i n c o m i n g  r a d i a t i o n ,  w h o se  i n t e n s i t y  a l s o  v a r i e s  w i t h  t i m e ,  e n s u e s  
( S c o t t  & S t r a s h e i m ,  1 9 7 0 ) .
The much h i g h e r  i r r a d i a n c e s  o b t a i n e d  f r o m  Q - s w i t c h e d  p u l s e s  m ake  t h e  
s a m p l e  p l a s m a  a  m o re  s i g n i f i c a n t  f e a t u r e  t h a n  i n  t h e  c a s e  o f  f r e e -
C
r u n n i n g  p u l s e s ,  a n d  t h e  p a r t i c l e s  i n  t h e  p lu m e  r e a c h  v e l o c i t i e s  o f  10 
cm s - 1  ( R e a d y ,  1 9 6 3 ) .  M o r e o v e r ,  i f  t h e r e  i s  a n  a t m o s p h e r e  p r e s e n t  
a b o v e  t h e  s a m p l e ,  a n  a t m o s p h e r i c  p l a s m a  may o c c u r  p r i o r  t o  t h e  a
p l a s m a  o f  s a m p l e  m a t e r i a l .  T h i s  i n  t u r n  c a n  h a v e  a n  i n t r i c a t e  t e m p o r a l  
d e v e l o p m e n t  i n c l u d i n g  t h e  p r o d u c t i o n  o f  a  s u p e r s o n i c  s h o c k  w ave  
( P i e p m e i e r  & M a l m s t a d t ,  1 9 6 9 ;  P i e p m e i e r  & O s t e n ,  1 9 7 1 ) .
T he  t e m p e r a t u r e  i n  l a s e r  g e n e r a t e d  p l a s m a s  h a s  b e e n  d e t e r m i n e d  b y  m any 
a u t h o r s  (H a g e n a h  e t  a l . ,  1 9 6 7 ;  D i m i t r o v  e t  a l . , 1 9 7 9 ;  A d r i a n  e t  a l . ,
1 9 8 0 ) .  M e th o d s  o f  t e m p e r a t u r e  d e t e r m i n a t i o n  h a v e  b e e n  s u m m a r i s e d  b y
B o g e r h a u s e n  a n d  H o n le  ( 1 9 6 9 )  who o b t a i n e d  t e m p e r a t u r e s  f o r  n o r m a l  
i m p u l s e  l a s e r  p l a s m a s  e v a p o r a t e d  f r o m  m e t a l s  r a n g i n g  f r o m  6 2 0 0  t o  8 0 0 0
3 . 2 . 3  T h e  l a s e r  p lu m e
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K . As n o t e d  b y  M e n t a l l  a n d  N i c h o l l s  ( 1 9 6 7 ) ,  h o w e v e r ,  l a r g e  d i f f e r e n c e s  
c a n  b e  o b t a i n e d  b y  d i f f e r e n t  m e t h o d s  o f  c a l c u l a t i o n .
S t u d i e s  o f  t h e  l a s e r  p l u m e ,  w h ic h  h a v e  b e e n  u n d e r t a k e n  u s i n g  i n t e r  
a l i a  p h o t o e l e c t r i c  d e t e c t i o n ,  a t o m i c  a b s o r p t i o n  o r  a t o m i c  
f l u o r e s c e n c e ,  h a v e  b e e n  s u m m a r i s e d  b y  P i e p m e i e r  ( 1 9 8 6 ) .  A g r o u p  f r o m  
t h e  Ames L a b o r a t o r y  (USA) h a s ,  o v e r  a  n um ber o f  y e a r s  s t u d i e d  t h e  
d i s t r i b u t i o n  o f  a t o m s  ( S t e e n h o e k  & Y e u n g ,  1 9 8 1 ) ,  m o l e c u l e s  ( H u ie  & 
Y e u n g ,  1 9 8 5 )  a n d  p a r t i c l e s  (H u ie  & Y e u n g ,  1 9 8 6 ;  K i m b r e l l  & Y e u n g ,  
1 9 8 8 )  . I n  t h e  f i r s t  o f  t h e s e  s t u d i e s  t h e  l a s e r - e v a p o r a t e d  v a p o u r  p lu m e  
o f  s o d i u m  m e t a l  p r o d u c e d  b y  a  0 . 1  J  p u l s e  o f  800  n s  w as  e x a m i n e d .  The 
v a p o u r  p lu m e  w as  g e n e r a l l y  o f  a  m u sh room  o r  f i l a m e n t  s h a p e ,  i n d i c a t i n g  
t h a t  a  l a r g e  am ou n t  o f  m a t e r i a l  w as  e v a p o r a t e d  a n d  t h e  p r o c e s s  
r e s e m b l e d  s p u t t e r i n g .  When t h e  a t m o s p h e r e  a b o v e  t h e  t a r g e t  w as  r e d u c e d  
f r o m  500  t o  100  t o r r  t h e  p lu m e  w as much l e s s  c o n f i n e d .
The sam e  g r o u p  o b s e r v e d  t h e  s p a t i a l  d i s t r i b u t i o n  o f  s o d i u m  d i m e r s  i n  a 
l a s e r - g e n e r a t e d  p lu m e  a n d  s u g g e s t e d  t h a t  h i g h e r  c l u s t e r s  w e re  p r o b a b l y  
a l s o  p r e s e n t .  I n  1 9 8 6  a  r e p o r t  on t h e  f i r s t  s t u d y  o f  t h e  s p a t i a l  a n d  
t e m p o r a l  d i s t r i b u t i o n  o f  p a r t i c l e s  f o r m e d  b y  l a s e r  v a p o r i s a t i o n  o f  
m e t a l l i c  s u r f a c e s  w as g i v e n  (H u ie  & Y e u n g ,  1 9 8 6 ) .  A Q - s w i t c h e d  N d : YAG 
l a s e r  w as  u s e d  t o  a b l a t e  a l u m i n i u m  a n d  m o ly b d e n u m  s p e c i m e n s .  
P a r t i c u l a t e  f o r m a t i o n  w as  f o u n d  t o  b e  d e p e n d e n t  on  p o w e r  d e n s i t y ,  
l a s e r  w a v e l e n g t h ,  s u r f a c e  c h a r a c t e r i s t i c s ,  a n d  t h e  v o l a t i l i t y  o f  t h e  
m a t e r i a l .  D e v e l o p m e n t  o f  t h i s  w ork  may e v e n  a l l o w  t h e  d e t e r m i n a t i o n  o f  
a c t u a l  p a r t i c l e  s i z e s  i n  t h e  p lu m e  ( K i m b r e l l  & Y e u n g ,  1 9 8 8 )  . I t  may b e  
n o t e d  a l s o  t h a t  t h e  p r e s e n c e  o f  a t o m i c ,  m o l e c u l a r  a n d  i o n i c  s p e c i e s  
w i t h i n  t h e  p lu m e  c a n  g i v e  r i s e  t o  c h e m i c a l  r e a c t i o n s /  f o r  e x a m p le  t h e
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f o r m a t io n  o f  c a r b id e s  ( K a r j a k i n  e t  a l . ,  1 9 7 7 ) .
The p r e s e n c e  o f  t h e s e  d i f f e r e n t  s p e c i e s  i n  t h e  p lu m e  i s  o f  i n t e r e s t  t o  
t h o s e  u s i n g  t h e  l a s e r  a s  a  m i c r o p r o b e  s i n c e  s e n s i t i v i t i e s  may b e  
i n c r e a s e d  b y  i n c r e a s i n g  t h e  p r o p o r t i o n  o f  t h e  v a r i e t y  w h ic h  a r e  t o  b e
m e a s u r e d .  An u n d e r s t a n d i n g  o f  t h e  m e c h a n i s m s  i n v o l v e d  i n  t h e  a b l a t i o n
p r o c e s s  m ay g i v e  g r e a t e r  c o n t r o l  o v e r  t h e  t y p e ,  n u m b er  a n d
d i s t r i b u t i o n  o f  t h e  r e s u l t i n g  s p e c i e s .
D e s p i t e  t h e  f a c t  t h a t  k n o w le d g e  o f  t h e  a b l a t i o n  p r o c e s s  i s  a  g o o d  
f o u n d a t i o n  f o r  s p e c i f i c  a n a l y t i c a l  l a s e r  t e c h n i q u e s ,  i t  i s  c l e a r  t h a t  
t h e  l a s e r - s o l i d  i n t e r a c t i o n  i s  b o t h  c o m p l e x  a n d  h i g h l y  d e p e n d e n t  on 
p a r t i c u l a r  c i r c u m s t a n c e s .  H en ce  e x p e r i m e n t a t i o n  w i t h  a  s p e c i f i c  
t e c h n i q u e  i s  e s s e n t i a l  t o  e n h a n c e  i t s  p e r f o r m a n c e .  I t  i s  t o  s u c h
s t u d i e s  t h a t  a t t e n t i o n  i s  now t u r n e d .
3 . 3  E x p e r i m e n t a l  i n v e s t i g a t i o n  o f  l a s e r  p a r a m e t e r s
3 . 3 . 1  I n t r o d u c t i o n
B a s i c  s t u d i e s  w e r e  c a r r i e d  o u t  p r i m a r i l y  u s i n g  a  m e t a l  d i s c  a s  t h e  
s a m p l e .  S i n c e  s a m p l e  i n h o m o g e n e i t y  i s  a  c o n s t a n t  d i f f i c u l t y  i n  
m u l t i e l e m e n t a l  a n a l y s i s  m e t a l  i s  a n  a p p r o p r i a t e  c h o i c e  b e c a u s e  i t  may 
b e  e x p e c t e d  t o  b e  c o m p a r a t i v e l y  h o m o g e n e o u s  a n d  t h e r e f o r e  t o  g i v e  
r e p r o d u c i b l e  s i g n a l s  e v e n  w i t h  s i n g l e  l a s e r  s h o t s .  H o w e v e r ,  t h i s  w i l l  
d e p e n d  on  t h e  r e l a t i v e  m a t e r i a l  g r a i n  s i z e  a n d  a b l a t i o n  p i t  v o lu m e  
s i n c e  m any i m p u r i t i e s  t e n d  t o  s e g r e g a t e  a t  t h e  g r a i n  b o u n d a r i e s  ( G r a y ,  
1 9 8 6 b ) . C o n s e q u e n t l y  a  c o m m e r c i a l  n i c k e l  d i s c  ( N i c k e l  2 0 0 ,  H en ry  
W i g g i n  & Co L t d ,  H e r e f o r d ,  E n g l a n d )  o f  a b o u t  99 % p u r i t y  i n  t h e  f o r m  
o f  a  d i s c  32 mm i n  d i a m e t e r  a n d  2 mm i n  t h i c k n e s s  w as  u s e d .
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A s e l e c t i o n  o f  s a m p l e  d i s c s ,  i n c l u d i n g  o n e  o f  s t e e l ,  i s  show n i n  
F i g u r e  1 3 .  I t  i s  a p p r o p r i a t e  h e r e  t o  g i v e  a n  o u t l i n e  o f  t h e  p r o c e s s  o f  
s a m p l e  p r e p a r a t i o n .  S t a n d a r d  r e f e r e n c e  m e t a l s  i n  t h e  f o r m  o f  c h i p s  
c o u l d  b e  p r e p a r e d  b y  p r e s s i n g  i n  a  13  mm s t e e l  d i e  t o  10 t o n n e s .  O t h e r  
m a t e r i a l s  s u c h  a s  r o c k s  o r  l e a f  m a t e r i a l  w e re  d r i e d  a t  a n  a p p r o p r i a t e  
t e m p e r a t u r e ,  a n d  b a l l  m i l l e d  i n  a  t u n g s t e n  l i n e d  m i l l  w i t h  a  
c a r b o n a c e o u s  b i n d e r ,  E l v e s i t e  2 0 1 3  ( G r a y ,  1 9 8 5 b ) . T h e y  c o u l d  t h e n  b e  
p r e s s e d  i n  t h e  s t e e l  d i e  a s  f r e e s t a n d i n g  p e l l e t s  o r  p l a c e d  i n  XRF c u p s  
a n d  p r e s s e d ,  i n  a  l a r g e r  d i e ,  i n t o  d i s c s  o f  f i n a l  d i a m e t e r  32mm a n d  
d e p t h  o f  a b o u t  3mm. T y p i c a l l y  20  % w/w b i n d e r  w as  u s e d .
3 . 3 . 2  E f f e c t  o f  l a s e r  e n e r g y  on p i t  s i z e  a n d  e j e c t e d  m a s s
3 . 3 . 2 . 1  N mode ( f r e e - r u n n i n g )
The n i c k e l  d i s c  w as  w e i g h e d  b e f o r e  a n d  a f t e r  a b l a t i o n  b y  u p  t o  600 N 
m ode s h o t s  a t  v a r i o u s  e n e r g i e s  t o  d e t e r m i n e  t h e  m a s s  a b l a t e d .  F i g u r e  
14 sh o w s  t h e  e f f e c t  o f  i n c r e a s i n g  e n e r g y  on e j e c t e d  m a s s  a n d  p i t  
d i a m e t e r  w h ich  w as  d e t e r m i n e d  u n d e r  a n  o p t i c a l  m i c r o s c o p e .  The c u r v e  
i s  u s e f u l  f o r  t h e  e s t i m a t i o n  o f  a b s o l u t e  d e t e c t i o n  l i m i t s ,  t h o u g h  t h e  
v a l u e s  r e p o r t e d  may n o t  b e  v e r y  a c c u r a t e  d u e  t o  t h e  e r r o r s  i n h e r e n t  i n  
w e i g h i n g  s m a l l  d i f f e r e n c e s  i n  m a s s .  S i m i l a r  c u r v e s  f o r  c r a t e r  d i a m e t e r  
a s  a  f u n c t i o n  o f  l a s e r  e n e r g y  a r e  f o u n d  i n  t h e  l i t e r a t u r e . F o r  
e x a m p l e ,  M an abe  a n d  P i e p m e i e r  ( 1 9 7 9 )  r e p o r t e d  s u c h  c u r v e s  f o r  a b l a t i o n  
o f  p u r e  c o p p e r ,  a n d  a  s t e e l  f r o m  t h e  N IS T  ( N a t i o n a l  I n s t i t u t e  o f  
S t a n d a r d s  T e c h n o l o g y ,  f o r m e r l y  N B S ) .
A 0 . 3  J  N mode p u l s e  i n c i d e n t  n o r m a l l y  on t h e  n i c k e l  d i s c  p r o d u c e d  a  
c r a t e r  o f  a p p r o x i m a t e  d i a m e t e r  17 0  urn a s  show n b y  t h e  s c a n n i n g
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Figure 13: Various sample discs
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Figure 14: Pit diameter and ablated mass as a function of laser energy 
for irradiation of nickel
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e l e c t r o n  m i c r o g r a p h  i n  F i g u r e  1 5 .  The n i c k e l  d i s c  w as  s e c t i o n e d  i n  t h e  
p l a n e  o f  t h e  p i t  b y  m o u n t i n g  a  s u i t a b l e  f r a g m e n t  o f  i t  i n  a  r e s i n  a n d  
c a r e f u l l y  a b r a d i n g  t h e  s u r f a c e  u n t i l  t h e  d e s i r e d  c r o s s  s e c t i o n  w as 
o b s e r v e d .  T h i s  i s  i l l u s t r a t e d  i n  F i g u r e  16 w h ich  sh o w s  a  p i t  d e p t h  o f  
a b o u t  70 0  m i c r o m e t e r s .  T h i s  c o r r e s p o n d s  t o  a n  e j e c t e d  m a s s  o f  a b o u t  
0 . 1 4  m g, c a l c u l a t e d  on  t h e  b a s i s  o f  a  c y l i n d r i c a l  p i t  ( d e n s i t y  o f  
n i c k e l  =  8 . 8 9  mg m m - 3 ) . T h i s  may b e  e x p e c t e d  t o  b e  a n  o v e r e s t i m a t e  
b e c a u s e  o f  t h e  s i m p l i f y i n g  a p p r o x i m a t i o n  o f  t h e  p i t  t o  a  c y l i n d e r .  
H o w e v e r ,  i t  i s  i n  r e a s o n a b l e  a g r e e m e n t  w i t h  t h e  0 . 1 2  mg d e t e r m i n e d  b y  
w e i g h i n g .
The  p i t  d e p t h  o b t a i n e d  i s  a l s o  s i m i l a r  t o  t h a t  o b s e r v e d  a n d  c a l c u l a t e d  
f o r  a b l a t i o n  o f  n i c k e l  b y  a  f r e e - r u n n i n g  l a s e r  b y  R e a d y  ( 1 9 6 5 ) ,  v i z  
5 8 0  a n d  680 um r e s p e c t i v e l y .
A s show n i n  F i g u r e  17 a  o n e  j o u l e  p u l s e  p r o d u c e s  l a r g e r  p i t s  a n d  
c o n s i d e r a b l e  h o r i z o n t a l  e j e c t i o n  o f  m a t e r i a l .  G l o b u l e s  o f  m o l t e n  
m a t e r i a l  a r e  a l s o  v i s i b l e  i n  t h e  p i t  a n d  c r a t e r  r e g i o n .
To i n d i c a t e  t h e  m a t r i x  d e p e n d e n t  n a t u r e  o f  t h e  a b l a t i o n  p r o c e s s  t h e  
i m p a c t  o f  a  0 . 3  J  N m ode p u l s e  on a  g e o l o g i c a l  r o c k  c o m p a c t  o f  t h e  
C a n a d i a n  C e r t i f i e d  R e f e r e n c e  M a t e r i a l s  P r o j e c t  (CCRMP), S Y - 3  i s  shown 
i n  F i g u r e  1 8 .  The p i t  i s  s h a l l o w e r ,  b u t  w i d e r  a n d  l e s s  w e l l  d e f i n e d  
t h a n  t h a t  p r o d u c e d  i n  m e t a l .  S i n c e  t h e  m a t e r i a l  i s  l e s s  d e n s e  t h a n  
n i c k e l  t h e  t o t a l  m a s s  o f  m a t e r i a l  r e m o v e d  i s  p r o b a b l y  r e d u c e d .
The  s h a p e  o f  t h e  p i t  i s  p r o b a b l y  d e t e r m i n e d  b y  t h e  t h e r m a l  
c o n d u c t i v i t y ,  a n d  t h e  g r a i n  s i z e  a n d  d e n s i t y  o f  p a c k i n g .  T h a t  som e o f
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Figure 15: Scanning electron micrograph of a pit produced in nickel by 
a 0.3 J N mode shot
Figure 16: Scanning electron micrograph of a cross-section of a pit in 
a nickel disc, produced by a 0.3 J N mode shot
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Figure 17: Scanning electron micrograph of a pit produced in nickel by 
a 1 J N mode shot
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t h e  m a t e r i a l  i s  r e m o v e d  i n  t h e  m o l t e n  s t a t e ,  i n  a  s i m i l a r  way t o  t h e  
a b l a t i o n  o f  m e t a l s ,  i s  s u p p o r t e d  b y  t h e  m e l t i n g  o f  m a t e r i a l  o f  t h e  p i t  
w a l l  a s  e v i d e n t  i n  F i g u r e  1 9 .
T he  N mode w as o f  p a r t i c u l a r  i n t e r e s t  i n  t h i s  w ork  b e c a u s e  i t  g a v e  t h e  
h i g h e s t  s e n s i t i v i t i e s . S i n c e  i o n i s a t i o n  i n  t h e  IC P  d e p e n d s  on  t h e  
s a m p l e  p a r t i c l e  d i s t r i b u t i o n ,  a  b r i e f  i n v e s t i g a t i o n  o f  t h i s  w as 
u n d e r t a k e n .  The n i c k e l  d i s c  w as  a b l a t e d  w i t h  0 . 3  J  p u l s e s  a t  1 Hz f o r  
tw o  m i n u t e s  a n d  t h e  o u t f l o w  p a s s e d  t h r o u g h  a  m i l l i p o r e  f i l t e r .  
M u l t i p l e  s h o t s  w e r e  u s e d  i n  o r d e r  t o  o b t a i n  a n  e a s i l y  s e e n  n u m b er  o f  
p a r t i c l e s  on t h e  f i l t e r .  I t  s h o u l d  b e  n o t e d  t h a t  t h i s  i s  o n l y  a  c r u d e  
i n v e s t i g a t i o n  s i n c e  t o  o b t a i n  a  t r u l y  r e p r e s e n t a t i v e  p a r t i c l e  
d i s t r i b u t i o n  w o u l d  r e q u i r e  t h a t  t h e  f l o w  c o n d i t i o n s  w e r e  i d e n t i c a l  t o  
t h o s e  f o u n d  i n  r e a l  o p e r a t i o n .  The c e l l  f l o w  u s e d  w a s  0 . 8  L m i n - 1 ,  a  
t y p i c a l  f l o w  f o r  r e a l  a n a l y s e s .
E l e c t r o n  p h o t o m i c r o g r a p h s  o f  t h e  f i l t e r  w e re  o b t a i n e d  ( F i g u r e s  20  &
2 1 ) .  Many d r o p l e t s  o f  a  fe w  m i c r o m e t e r s  i n  d i a m e t e r  a r e  p r o d u c e d ,  
t h o u g h  t h e  fe w  o f  h i g h e r  d i a m e t e r  r e p r e s e n t  a  c o n s i d e r a b l e  p r o p o r t i o n  
o f  t h e  m a s s  a b l a t e d .  T h e s e  r e s u l t s  a r e  s i m i l a r  t o  t h o s e  o b t a i n e d  b y  
C h e n e r y  e t  a l .  ( 1 9 8 8 )  f r o m  t h e  a b l a t i o n  o f  s t a i n l e s s - s t e e l .  I t  w o u ld  
b e  o f  c o n s i d e r a b l e  i n t e r e s t  w i t h  r e s p e c t  t o  s e n s i t i v i t y  i f  w a y s  c o u l d  
b e  f o u n d  t o  i n c r e a s e  t h e  p r o p o r t i o n  o f  t h e  s m a l l e r  d r o p l e t s  a n d / o r  
v a p o u r .  I t  a p p e a r s  t h a t  t h e  N mode f a v o u r s  t h e  f o r m e r  a n d  t h e  Q mode 
t h e  l a t t e r .
3 . 3 . 2 . 2 .  0  m ode ( O - s w i t c h e d )
E l e c t r o n  m i c r o s c o p y  o f  t h e  s u r f a c e  e f f e c t  p r o d u c e d  b y  Q m ode p u l s e s  on
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Figure 18: Scanning electron micrograph of a pit produced by a 0.3 J N 
mode shot on a rock compact (CCRMP SY-3)
Figure 19: Scanning electron micrograph: magnified view of the pit 
produced by a 0.3 J N mode shot on a rock compact (CCRMP SY-3)
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Figure 20: Scanning electron micrograph of nickel droplets produced by 
the ablation of the nickel disc
Figure 21: Scanning electron micrograph of nickel droplets (magnified 
view)
69
n i c k e l  show v e r y  c o m p l e x  b u t  s h a l l o w  m e l t i n g  p a t t e r n s  w i t h  l i t t l e  m a s s  
r e m o v a l .  I n d e e d ,  s o  l i t t l e  m a s s  w as  r e m o v e d  t h a t  t h e  w e i g h i n g  m e th o d  
u s e d  a b o v e  w as n o t  a p p r o p r i a t e  f o r  t h e  d e t e r m i n a t i o n  o f  e j e c t e d  m a s s .  
T h i s  r e l a t i v e l y  s m a l l  m a s s  r e m o v a l  i s  p r o b a b l y  d u e  t o  t h e  f o r m a t i o n  o f  
a  p l a s m a  d i r e c t l y  a b o v e  t h e  s i g h t  o f  a b l a t i o n ,  a s  d i s c u s s e d  a b o v e ,  
w h ic h  r e d u c e s  t h e  e n e r g y  d e n s i t y  a t  t h e  s u r f a c e .  O f t e n  t h e r e  r e m a i n  
u n a f f e c t e d  r e g i o n s  w i t h i n  t h e  s a m p l e d  a r e a  l e a d i n g  t o  a n  i n t r i c a t e  
m o r p h o l o g y  ( F i g u r e s  22  & 2 3 )  .
The d i f f e r e n c e  b e t w e e n  N a n d  Q m o d es  i s  a l s o  i l l u s t r a t e d  i n  F i g u r e s  24 
a n d  25  w h ich  d e p i c t  s p e c t r a  o b t a i n e d  b y  u s e  o f  p u l s e s  o f  a r o u n d  10 m J 
i n  t h e  tw o m o d e s .  B o t h  s p e c t r a  w e r e  o b t a i n e d  f r o m  t h e  a b l a t i o n  o f  t h e  
CCRMP g e o l o g i c a l  s t a n d a r d  S Y -3  o n t o  w h ich  a  g o l d  l a y e r  o f  a b o u t  50 
A n g s t r o m s  w as s p u t t e r e d .  The g o l d  s i g n a l  i s  s i m i l a r  f o r  b o t h  m o d es  b u t  
t h e  N mode g i v e s  a n  i n c r e a s e  i n  t h o s e  e l e m e n t s  p r e s e n t  i n  t h e  r o c k  
i n d i c a t i n g  t h e  g r e a t e r  d e p t h  p e n e t r a t e d .
3 . 3 , 3 .  F o c u s i n g
O p t i m a l  f o c u s i n g  o f  t h e  l a s e r  b e a m  g i v e s  r i s e  t o  s p h e r i c a l  a b l a t i o n  
p i t s  i n  t h e  n i c k e l  d i s c  u n d e r  t y p i c a l  N mode p u l s e s .  I f  t h e  b ea m  i s  
d e f o c u s e d  l a r g e r  m o re  e l l i p t i c a l  c r a t e r s  r e s u l t .
F o c u s i n g  c o n d i t i o n s  t h u s  c l e a r l y  i n f l u e n c e  t h e  s y s t e m  r e s p o n s e .  S t u d y  
o f  t h e  i n t e g r a l s  o b t a i n e d  f r o m  t h e  n i c k e l  d i s c  b y  s i n g l e  0 . 3  J  N mode 
s h o t s  w as  u n d e r t a k e n  a t  c e l l  f l o w s  o f  0 . 4  a n d  0 . 8  L  m i n - 1 .  O t h e r  
s y s t e m  p a r a m e t e r s ,  t y p i c a l  f o r  m o s t  o f  t h e  w ork  r e p o r t e d  i n  t h i s
t h e s i s ,  a r e  i n d i c a t e d  i n  T a b l e  3 .  I t  may b e  n o t e d  t h a t  t h e  s y s t e m  w as
. . 12 o p t i m i s e d  b y  t u n i n g  t h e  i o n  o p t i c s  on C + ,  w h ic h  i s  p r e s e n t  i n
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Figure 22: Effect of a 0.3 J Q mode shot on nickel
Figure 23: Effect of a 0.3 J Q mode shot on nickel (magnified view)
71
HASS 4\  i2 122 162 2k
Figure 24: Spectrum of rock SY-3 (produced by 10 mJ N mode shots)
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Figure 25: Spectrum of rock SY-3 (produced by 10 mJ Q mode shots)
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Table 3: Typical System Parameters For Multielemental Analysis
SPECTROMETER : Surrey Prototype ICP-MS
PLASMA CONDITIONS 
Coolant Flow 
Cell Flow
Add-in Flow (if used)
Forward r.f. Plasma Power 
Reflected Power
INTERFACE
Loadcoi1-Extract ion Aperture 
Extraction Aperture Diameter 
Skimmer Aperture Diameter
ION OPTICS 
Optimised on t:2C
LASER
J.K. Ruby (free-running pulses)
Separation 10.0 mm 
1.0 mm 
0.7 mm
14 L min-1 
0.0 L min-1 
0.2 L min-1 
1500 W 
<20 W
SCAN DETAILS 
m/z 4 to 240
Dwell Time Per Channel 50 uS
Channels Per Sweep 2048
Sweeps Per Integration 300 or 600
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s u f f i c i e n t  q u a n t i t y  as  an  i m p u r i t y  i n  t h e  a r g o n .
I n t e g r a l  r e s p o n s e s  o f  tw o e l e m e n t s  p r e s e n t  a t  m i n o r  l e v e l s  i n  t h e  
n i c k e l ,  a s  a  f u n c t i o n  o f  t h e  d i s t a n c e  f r o m  o p t i m a l  f o c u s  c o n d i t i o n s  
a r e  i n d i c a t e d  i n  F i g u r e s  26  a n d  2 7 .  The o p t im u m  f o c u s  p o s i t i o n  w as 
t a k e n  t o  b e  c o i n c i d e n t  w i t h  t h e  b e s t  v i s u a l  f o c u s . E a c h  p o i n t  i s  t h e  
m ean o f  f o u r  i n t e g r a l s  o b t a i n e d  f r o m  a n  i n t e g r a t i o n  o v e r  t h e  f u l l  m a s s  
s c a n .  S i x  h u n d r e d  s w e e p s  o v e r  2 0 4 8  c h a n n e l s  w i t h  a  d w e l l  t i m e  o f  50 u s  
p e r  c h a n n e l  w e re  u s e d .  The i n t e g r a l s ,  w h ich  a r e  a b u n d a n c e  c o r r e c t e d  t o  
100  %, a r e  g i v e n  i n  c o u n t s  p e r  i n t e g r a t i o n .  S i n c e  t h e  e l e m e n t s  u s e d  
a r e  n o t  p r e s e n t  a t  t h e  sam e  c o n c e n t r a t i o n  t h e  a b u n d a n c e  c o r r e c t i o n  
m a k e s  no  p r a c t i c a l  d i f f e r e n c e  t o  t h e  r e s u l t s .  O n ly  t h e  s i z e  o f  t h e  
r e s p o n s e s  r e l a t i v e  t o  t h e m s e l v e s  a r e  o f  i m p o r t a n c e .
I t  a p p e a r s  t h a t  f o r  a  f u l l  m a s s  s c a n  f o c u s i n g  i s  n o t  c r i t i c a l ,  i . e .  i s  
n o t  a  s t r o n g  f u n c t i o n  o f  t h e  f o c u s i n g  c o n d i t i o n s ,  a n d  t h a t  f o r  t h i s  
s y s t e m  t h e  b e s t  v i s u a l  f o c u s  i s  a  r e a s o n a b l e  c h o i c e .
3 . 3 . 4  L a s e r  e n e r g y  a n d  r e p e t i t i o n  f r e q u e n c y
An i n d i c a t i o n  o f  t h e  l i n e a r i t y  o f  t h e  r e s p o n s e - l a s e r  e n e r g y  r e l a t i o n  
i s  g i v e n  i n  T a b l e  4 .  H e r e ,  t h e  sam e  t o t a l  e n e r g y  h a s  b e e n  u s e d  t o  
a b l a t e  t h e  n i c k e l  d i s c ,  b u t  d i f f e r e n t  c o m b i n a t i o n s  o f  s h o t s ,  a l l  f i r e d  
a t  1 H z, w e r e  e m p l o y e d .  The i n t e g r a l s  o b t a i n e d  f o r  t h e  d i f f e r e n t  
c o m b i n a t i o n s  a r e  t a b u l a t e d  f o r  t o t a l  l a s e r  e n e r g i e s  o f  0 . 3  a n d  0 . 8  J .  
E a c h  i n t e g r a l  w as  d e r i v e d  f r o m  t h e  m ean  o f  f o u r  f u l l  m a s s  i n t e g r a t i o n s  
a n d  a  b l a n k  s u b t r a c t i o n  w as  m a d e .  The b l a n k  s p e c t r a  w e r e  a c q u i r e d  b y  
i n t e g r a t i o n s  o f  t h e  sam e  p u l s e  c o m b i n a t i o n s  a s  f i r e d  a t  t h e  n i c k e l  
d i s c  b u t  f i r e d  on a  p i e c e  o f  PTFE i n s t e a d .  T h i s  f u l l y  s i m u l a t e s
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Focus Position (mm)
□ Mg + Mn
Figure 26: Response as a function of focusing conditions (Cell flow = 
0.4 L min-1)
Focus Position (mm)
O Mg + Mn
Figure 27: Response as a function of focusing conditions (Cell flow = 
0.8 L min-1)
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Table 4 : Comparison Of Single And Multiple 
Shot Integrals Of The Same Total Laser Energy
Isotope Integral Response*
0.3 J 3 X 0.1 J 6 X 0.05 J
Mg(25) 7041 5044 4234
Mn(55) 29352 24595 24204
Fe(56) 983 1219 1273
Ni(62) 119324 117251 130957
Pb(208) 116 89 75
0.8 J 8 X 0.1 J 16 X 0.05 J
Mg(25) 13087 13648 10234
Mn(55) 53402 63266 54196
Fe(56) 2580 2763 2850
Ni(62) 238580 261870 266814
Pb(208) 195 249 195
* Mean integrals (n-4) not abundance corrected
Full mass scans of nominal total duration 60 seconds used
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c o n d i t i o n s  i n  t h e  p r e s e n c e  o f  t h e  s a m p l e  a n d  r e v e a l s  a n y  memory 
e f f e c t s  i n  t h e  s y s t e m .  H o w e v e r ,  i n  p r a c t i c e ,  a s  l o n g  a s  t h e  s y s t e m  i s  
c l e a n e d  r e g u l a r l y  a  s o - c a l l e d  g a s  b l a n k ,  w h ich  i s  a c q u i r e d  b y  
i d e n t i c a l  i n t e g r a t i o n s  b u t  w h e re  t h e  l a s e r  i s  n o t  f i r e d ,  g i v e s  v e r y  
s i m i l a r  r e s u l t s .
I t  c a n  b e  s e e n  t h a t  t h e  i n t e g r a l s  a r e  a p p r o x i m a t e l y  c o n s t a n t .  S i n c e  
t h e  e n e r g y  o f  t h e  l a s e r  p u l s e  w as  m e a s u r e d  b y  t h e  s i l i c o n  d i o d e  m e t e r ,  
i t  w as  o n l y  a p p r o x i m a t e  a n d  t h i s  p r o b a b l y  a c c o u n t s  f o r  t h o s e  
d i f f e r e n c e s  o b s e r v e d .  I n  a d d i t i o n ,  t h e  m u l t i p l e  s h o t s  g i v e  b e t t e r  
s i g n a l  r e p r o d u c i b i l i t y  t h a n  s i n g l e  s h o t s  b e c a u s e  o f  t h e  t h e r m a l  
p r o p e r t i e s  o f  t h e  l a s e r  s y s t e m .
. . .  .  25The r e s u l t s  o f  a  s i m i l a r  e x p e r i m e n t ,  t h i s  t i m e  m o n i t o r i n g  t h e  Mg
s i g n a l  a s  a  f u n c t i o n  o f  t i m e  a r e  shown i n  F i g u r e  2 8 .  The t r a n s i e n t
n a t u r e  o f  t h e  s i g n a l  c a n  b e  s e e n  w i t h  i t s  r a p i d  r i s e  a n d  d e c a y  t o
b a c k g r o u n d  a f t e r  a b o u t  60 s e c o n d s . F o r  c l a r i t y  e a c h  c u r v e  i s  d i s p l a c e d
f r o m  t h e  o t h e r  b y  1 0 0 0  c o u n t s .  The a r e a s  u n d e r  e a c h  c u r v e ,  i . e .  t h e
t o t a l  r e s p o n s e s  a r e  c l e a r l y  v e r y  s i m i l a r .
The i n f l u e n c e  o f  l a s e r  e n e r g y  on  t h e  s i n g l e  e l e m e n t  r e s p o n s e  i s  
i l l u s t r a t e d  i n  F i g u r e  2 9 .  A g a i n ,  t h e  i n d i v i d u a l  r e s p o n s e s  a r e  
a r t i f i c i a l l y  d i s p l a c e d  f r o m  e a c h  b y  1 0 0 0  c o u n t s .  I t  c a n  b e  s e e n  t h a t  
t h e  r e s p o n s e  i n c r e a s e s  w i t h  e n e r g y  a s  d o e s  t h e  p e a k  h e i g h t .  The t i m e  
t a k e n  f o r  t h e  r e s p o n s e  t o  r e t u r n  t o  b a c k g r o u n d  i n c r e a s e s  o n l y  s l i g h t l y  
a t  h i g h e r  p u l s e  e n e r g y ,  b e i n g  p r i m a r i l y  d e t e r m i n e d  b y  t h e  c e n t r a l  
c h a n n e l  f l o w .
78
B Time (Seconds) q
0.3 J -------- - 3 X 0.1 J   6 X 0.05 J
Figure 28: Single ion monitor of 25Mg for multiple laser shots of the 
same total energy
N Mode
A 8 Time (s) Q
  160 mJ   610 mJ   1200 mj
Figure 29: Single ion monitor of 25Mg at different laser energies
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The i n f l u e n c e  o f  l a s e r  r e p e t i t i o n  r a t e ,  i . e .  t h e  n u m b er  o f  l a s e r  s h o t s  
p e r  u n i t  t i m e ,  i s  h i g h l i g h t e d  i n  F i g u r e  3 0 .  T h r e e  r e p e t i t i o n  r a t e s
w e r e  u s e d  i n  t h e  a b l a t i o n  o f  t h e  n i c k e l  d i s c  b y  0 . 3  N m ode s h o t s .  The
2 5  . . <Mg r e s p o n s e  w as  m o n i t o r e d  i n  t h e  s i n g l e  i o n  m o d e .  I t  c a n  b e  s e e n
t h a t  p s e u d o - s t e a d y  s t a t e  s i g n a l s  w e r e  p r o d u c e d .  U n f o r t u n a t e l y  t h e  r u b y
l a s e r  i s  r e s t r i c t e d  t o  a  maximum r a t e  o f  1 H z/ a  l i m i t a t i o n  n o t
s u f f e r e d  b y  a  N d : YAG s y s t e m .
S i n c e  s y s t e m  r e s p o n s e  i s  r e l a t e d  n o t  o n l y  t o  l a s e r  e n e r g y  b u t  a l s o  t o  
f l o w  c o n d i t i o n s  a n d  o t h e r  p a r a m e t e r s ,  m o re  d i s c u s s i o n  o f  t h i s  t o p i c  i s  
t o  b e  f o u n d  i n  l a t e r  s e c t i o n s  ( 3 . 6 ) .
3 . 3 . 5  L a s e r  s h o t  s e p a r a t i o n
T he m a in  th e m e  o f  t h i s  t h e s i s  c o n c e r n s  t h e  a b i l i t y  o f  LA -IC P-M S t o  
d e t e r m i n e  c h a r a c t e r i s t i c  v a l u e s ,  i . e .  c o n c e n t r a t i o n s  r e p r e s e n t a t i v e  o f  
t h e  b u l k  o f  t h e  a b l a t e d  m a t e r i a l .  C o n s e q u e n t l y ,  d i f f e r e n t i a l  
v a p o r i s a t i o n ,  a s  m e n t i o n e d  i n  t h e  p r e c e d i n g  r e v i e w  ( 3 . 2 ) ,  may b e  o f  
i m p o r t a n c e  t o  q u a n t i t a t i v e  a n a l y s i s .  T h a t  t h e  sa m e  c o n c e n t r a t i o n  o f  
d i f f e r e n t  e l e m e n t s  y i e l d s  d i f f e r e n t  r e s p o n s e s  i s  t o  b e  e x p e c t e d  s i n c e  
t h i s  a l s o  o c c u r s  i n  s o l u t i o n  n e b u l i s a t i o n  IC P -M S .  I n  LA-ICP-M S 
e l e m e n t s  s u c h  a s  l e a d ,  m ay a l s o  b e  e x p e c t e d  t o  g i v e  h i g h e r  
s e n s i t i v i t i e s  d u e  t o  t h e i r  g r e a t e r  v o l a t i l i t y .  ( H e r e  s e n s i t i v i t y  may 
b e  d e f i n e d  a s  t h e  i n t e g r a l  c o u n t s  p e r  u n i t  c o n c e n t r a t i o n ) . I f  t h i s  
s e n s i t i v i t y  i n c r e a s e  i s  c o n s i s t e n t ,  i . e .  n o t  s t r o n g l y  c o n c e n t r a t i o n  o r  
m a t r i x  d e p e n d e n t ,  t h e n  t h i s  i s  o f  a n a l y t i c a l  a d v a n t a g e .
F o r  p r a c t i c a l  b u l k  a n a l y s e s  a n  i n t e r e s t i n g  q u e s t i o n  a r i s e s .  I s  t h e  
s i g n a l  g e n e r a t e d  f r o m  a  s p e c i m e n  d e p e n d e n t  on  t h e  s p a t i a l  s e p a r a t i o n
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Figure 30: Single ion monitor of 25Mg for different laser repetition 
rates
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o f th e  sh o ts a l l  o th e r co n d itio n s being th e same ?
To answer this question three matrices were examined: the nickel disc; 
International Atomic Energy Agency (IAEA) Hay Powder V-10; IAEA Animal 
Blood A-13. The la tter  two materials were dried according to the 
recommended procedures on their Certificates of Analysis, ball milled 
with Elvesite 2013, and pressed into aluminium cups. The binder 
constituted 20 % w/w of the to ta l mass of about 2 grams.
Ten 0.3 J  N mode shots were used per 30 second integration obtained 
under typical operating conditions (Table 3). The ce l l  flow was 0.8 L 
min-1 and no add-in was used. Such conditions were usually used for 
the analysis of real matrices; their derivation is  explained in 
section 3.6.
Crater diameters of around 180 um, as determined under an optical 
microscope, were produced in the nickel disc. So the shot separation 
distance was adjusted to this diameter, i . e .  pits almost touching. 
Four spectra were obtained under these conditions. Then the shot 
separation distance was increased to three diameters and four more 
spectra accumulated.
This procedure was repeated for the two biological matrices: four
spectra being obtained at shot separation distances of one and three 
diameters. For hay powder and animal blood the respective pit 
diameters were 380 and 300 um respectively.
The integrals obtained for a selection of isotopes across the mass
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range are given in Table 5. I t  is  apparent that there are no 
systematic differences between the two ablation regimes, and this is 
true of a l l  three matrices. I f  a strong depletion of elements from the 
region adjacent to the pit edge occurred, i t  might be expected that 
the integrals for the one diameter separation would be less than those 
obtained with the greater interval between p i t s .
Although similar tests would be necessary i f  different matrices were 
of interest, or i f  higher laser energies were used, the result is  an 
encouraging one with respect to the bulk analysis of solids by LA-ICP- 
MS.
3.3.6 Angle of incidence
As noted above, i f  the sample is inclined with respect to the vertical 
laser beam, the ablation conditions are changed. In particular, the 
pathlength of the beam through the plume is reduced (Dimitrov & 
Zheleva, 1984).
The influence of the angle of inclination of the sample on signal 
response was studied by ablation of the nickel disc under typical 
operating conditions. Elevation of the sample was measured from the 
horizontal. This corresponds to the angle that the beam makes to a 
normal at the sample surface.
The experiment is not simple because elevation of the sample must 
interfere, to some extent, with the argon flow through the c e l l .  Also, 
the arrangement of the laser housing does not allow shots to be fired 
into the ce ll  at an angle. Another difficulty  l ies  in the focusing of
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Table 5 : Influence of Laoer Shot Separation on Integral
Response fo r  Three D i f fe r e n t  M atrices
Isotope IAEA V-10 Hay Powder
Shot S e p a ra tio n  (d) Shot se p a ra t io n  (3d)
Na(23) 25542 (930) 28029 (4671)
Mg(26) 12064 (493) 13461 (2278)
A l(27) 4848 (342) 5530 (1097)
P (31) 9913 (396) 12022 (1544)
Ca(44) 48939 (3545) 50391 (5561)
Mn(55) 10525 (613) 9825 (504)
Co(59) 645 (188) 558 (97)
B a (138) 1087 (125) 1036 (196)
Pb(208) 395 (61) 299 (134)
Isotope IAEA A-13 Dried Animal Blood
Shot S e p a ra t io n  (d) Shot S ep a ra tio n  (3d)
Na (23) 369622 (5771) 333605 (5487)
Mg(26) 1039 (13) 1232 (607)
A l(27) 1468 (123) 1882 (434)
P (31) 4316 (435) 3539 (193)
Ca(44) 1612 (281) 1401 (132)
Co(59) 243 (63) 198 (40)
B a (138) 28 (4) 21 (1)
Pb(200) 19 (6) 34 (12)
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Table 5 (Continued)
Iso tope N ickel 200
Shot se p a ra t io n  (d) Shot s e p a r a t io n  (3d)
Na(23) 8598 (1027) 8459 (985)
Mg(26) 25497 (1382) 26719 (1279)
A l(27) 5331 (2118) 5616 (1404)
P (31) 37 (12) 16 (10)
Ca(44) 155 (13) 100 (IB)
Ba(138) 229 (26) 227 (90)
Pb(208) 135 (25) 92 (15)
Responses are  given as mean and standard d e v ia t io n  (
s p e c tr a  o b ta in ed  by the use of 10 0 .3  J  N mode sh o ts  per. 
in t e g r a t io n .  Blank s u b tr a c t io n  has been undertaken , but not 
abundance c o r r e c t io n .
85
th e  beam which becomes r a th e r  awkward a t  high a n g le s .
The sample was elevated from 0 to 70 degrees in steps of ten degrees. 
At each position four fu ll  mass integrations were obtained. The
integral responses of magnesium and manganese as a function of
elevation angle are plotted in Figure 31.
At small inclinations the signals increase, probably due to the effect 
of the shorter pathlength in the plume. Beyond about 30 degrees laser- 
sample coupling apparently decreases only recovering at rather large 
angles where the beam is beginning to run parallel to the surface.
Despite the d iff icu lties  of this experiment the result is  interesting 
and points to further investigations. Interestingly, Arrowsmith (1977) 
employed a Nd:YAG laser for LA-ICP-MS with the incoming beam at 45
degrees to the sample surface for greater sensitivity. The same author 
also noted, however, that a system set up with this angled beam 
geometry has the disadvantage that translation in the vertical
direction causes the laser beam to move across the sample surface.
3.4 Experimental investigation of sample parameters
3.4.1 Introduction
D ifficu lties are encountered in the LA-ICP-MS analysis of real sample 
matrices which relate to the specific properties of the samples 
concerned, particularly their opacity. Actual examples are highlighted 
in the chapter on applications (Chapter 5).
O f  a m o r e  g e n e r a l  n a t u r e  a r e  t h e  p r o b l e m s  o f  e l e m e n t a l  f o r m  a n d  m a t r i x
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Figure 31: Response as a function o f the angle o f incidence fo r 
ablation o f nickel
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same element in different chemical form, and the la tter  to the
reduction of the signal of a fixed concentration of analyte in the
presence of high concentrations of another element. Experiments 
concerning these two phenomena are described below.
3.4.2 Elemental form
To ascertain any differences in the ablation of the same concentration 
of a particular element in different chemical forms five sodium 
compounds were prepared. One per cent by weight of sodium, together 
with one per cent by weight of high purity graphite were ball milled 
with Elvesite 2013 and pressed in the 13 mm steel die to produce 
freestanding pellets . The compounds (BDH laboratory reagents or BDH 
AnalaR) were sodium sulphate, carbonate, acetate, sulphite, and
n itr i te .  Laser-sample coupling was improved by the inclusion of the 
graphite (Ringsdorff-Werke GMBH, Bonn, Federal Republic of Germany).
The samples were ablated under standard analysis conditions using five 
0.1 J  shots fired at 1 Hz, per integration. Four fu ll  mass scans were 
obtained for each sample and the results are given in Table 6.
Since the matrix was the same in each case identical integrals would 
indicate the absence of any ablation dependence on the sample 
material. The integrals for the sulphate, acetate, and n itr ite  are 
very similar while those of carbonate and sulphite are elevated with 
respect to the others. There is no correlation of the response with 
either molecular weight or density. However, both carbonate and 
sulphite decompose before they boil and this perhaps explains the
e f f e c t s .  The form er r e la te s  to  th e  q u estion  of th e  a b la tio n  of th e
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Table 6 : In f lu e n c e  of E lem ental Form on In te g r a l  
Response in L aser A blatio n  ICP-MS
Elem ental Form Chemical Formula In te g r a l
Na(23)
SD % RSD
Sulphate Nett SO* 57357 9603 1 6 .7
Carbonate Na^COoi 129221 14454 1 1 .2
A ceta te CH^COONa. 3HsO 62442 4444 7 .1
S u lp h ite Na^SO^ 88739 5450 6 .1
N i t r i t e NaN0= 61036 10593 1 7 .4
F iv e  0 .1 J  N mode sh o ts  employed per in t e g r a t io n
In t e g r a l s (u n co rrected  f o r  abundance) are quoted as mean and
standard d e v ia t io n .  % RSD denotes the p ercentage r e l a t i v e
standard  d e v ia t io n ,  i . e .  100 X (SD)/(Mean in t e g r a l )
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h ig h er in te g r a ls  observed.
3.4.3 Matrix effects
In solution nebulisation ICP-MS the presence of high concentrations of 
easily ionised elements can cause a reduction in the signals obtained 
for other elements in the same matrix (Houk et a l . ,  1980). While 
generally signal reductions are produced, enhancements have also been 
seen and the overall mechanism is  thought to be rather complex 
(Olivares & Houk, 1986; Beuchemin et a l . ,  1987; Gillson et a l . ,  1988). 
As noted by Gray (1987) the situation is  complicated by the fact that 
very pure reagents are necessary for studies of suppression, since 
contamination may in fact explain any signal enhancement observed. I t  
is  generally agreed though, that the suppression depends on the other 
system parameters such as central channel flow and sampling depth 
(loadcoil to cone aperture separation). Thus suppression can be 
decreased at low nebuliser flow, but at the cost of reduced 
sensitivity  (Tan & Horlick, 1987). I t  is  also generally observed that 
heavier elements cause the greater suppression.
Douglas (1988) has proposed a mechanism for suppression. Ion 
transmission through the skimmer is  affected by space charge 
repulsion, with heavy ions being transmitted most e ff ic ien tly . Heavy 
matrix ions arriving at the skimmer can perturb the current leaving 
the skimmer due to this mass discrimination. This results in increased 
defocusing of lighter ions within the skimmer and also alters the 
space charge and hence the ion tra jectories in the ion optics.
Although partial agreements can be seen in the literature on
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ionisation suppression, the sometimes conflicting data and the 
different operating conditions employed suggest that the mechanism 
suggested above can only be taken as a working hypothesis at this 
stage of research.
I f  the suppression mechanism as summarised above is  correct then i t  is  
possible that matrix effects occur in the analysis of particular 
matrices by LA-ICP-MS. The precise interaction of ablated material in 
the ICP depends upon the particulate size distribution and the amount 
of already vapourised material present in the in jector flow. In 
addition, the amount of water presented to the ICP is  greatly reduced 
in laser ablation compared to solution nebulisation, and this 
influences the plasma potential and the electron density.
These factors may a l l  have an influence on the interactions which lead 
to suppression effects and indicate the need for practical 
investigation. Preliminary studies of matrix effects have been 
undertaken using NIST 1572 Citrus Leaves and IAEA SL-1 Lake Sediment. 
Manganese as Mn02, and nickel as NiO, were used respectively as the 
suppressing elements (Johnson Matthey, Materials Technology, U.K., 
Orchard Road, Royston, Herts.).
The added concentrations of manganese in pellets of citrus leaves were 
0, 1000, 10 000, and 100 000 ug g-1 . Similar pellets of lake sediment
were prepared using nickel as the suppressant. Each pellet was 
produced by ball milling an appropriate dried mass of the reference 
material with the required amount of the oxide in a tungsten mill for 
15 minutes. The resultant powder was then pressed in the 13 mm steel
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die to 10 tonnes. Thus free standing pellets of to ta l mass about one 
gram were produced, each capable of accommodating many tens of shots.
Standard operating conditions were used and the sample ablated with 
five 0.3 J  N mode pulses per 30 second, fu ll  mass integration. The 
mean integrals (n=4) obtained under the four different suppressing 
concentrations, for the two matrices, are given in Table 7.
In the case of citrus leaves suppression appears to occur for even 
1000 ug g-1 of added manganese. Above about mass 130, however, 
suppression is  negligible, with the curious exception of the integrals 
of 1000 ug g-1. The suppression does not seem to be more severe at 
higher concentrations but the dark colour of the oxide may 
progressively increase laser-sample coupling at higher concentrations.
The results for the lake sediment are both simpler to interpret and 
more encouraging for the analyst. There is no apparent suppression up 
to a concentration of 10 000 ug g-1 nickel suppressant. At 100 000 ug 
g-1 the integrals are typically reduced to around 50 % of their non­
suppressed values.
I t  is  probably significant that suppression effects were less for the 
more dense matrix, i . e .  for lake sediment. I t  is  not expected that the 
difference between manganese and nickel as a suppressant is  i t s e l f  
significant since they are both of similar atomic mass.
I t  is  important to note here that the observed matrix effects probably 
relate more to the matrix-dependent nature of the ablation process,
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Table 7 : Suppression in Laser Ablation ICP-MS
IAEA Lake Sediment SL-1
Isotope In t e g r a l  Response
C o n c e n tra t io n  of N ickel Added (ug g-1)
0 10 s 1CT ICP
Na(23) 5769 7079 7250 3689
Mg(26) 3630 2815 2700 1668
A l(27) 122948 124603 124743 89570
P (31) 624 679 595 300
Ca(44) 266 249 272 327
Mn(55) 27946 29756 30026 15463
B a (138) 5723 5561 5813 3786
P b(208) 2161 2002 2270 1453
NIST 1572 C itr u s  Leaves
Iso tope C o n ce n tra t io n  of Manganese Added (ug g-1)
0 10= ICP ICP
Na(23) 2657 1162 1576 1764
Mg(26) 11096 5073 6511 6269
Al (27) 2178 1393 1839 1300
P (31) 1652 743 957 1295
Ca(44) 8881 4833 6585 5232
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Table 7 (Continued)
Isotop e In te g r a l  Response
C o n cen tra tio n  of Manganese 
0 10*
Added
1CT
(ug g-1)
ICP
B a (138) 1529 715 928 1665
Pb(208) 2407 1501 2333 2314
Responses (not abundance c o rre c te d )  are the mean of fo u r .  F ive  
0 .3  J  N mode Bhots used per i n t e g r a t io n .
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than to the type of suppression seen in solution nebulisation ICP-MS. 
(In the la tte r  the ratio of suppressant to analyte is  typically very 
high, e.g. 1000 to 1). In both cases, however, the particular 
composition of the sample matrix can give rise to a deterioration in 
analytical performance. This again emphasises the need for the use of 
matrix-matched standards in LA-ICP-MS.
There is  some evidence in the literature that suppression effects in 
other laser analytical techniques also occur, e.g. in laser atomic 
absorption spectrometry (Wennrich et a l ., 1984) and also in direct
current plasma (DCP) atomic emission spectrometry (Sneddon, 1987). In 
the la tter  work the emission intensity of copper and manganese was 
found to be dependent on the type of compound ablated. Suppression by 
sodium halides was also seen/ the effect being greater with higher 
density halides.
3.5 Experimental investigation of transport parameters
3.5.1 Introduction
System parameters which influence the transfer of ablated material to 
the ICP are of interest with respect to analytical performance. 
Typical of these parameters are the length and diameter of the tubing 
from the ablation ce ll  to the torch, and the argon ce l l  flow. The 
la tte r  is  of fundamental importance and is discussed later with 
reference to other parameters such as forward r . f .  plasma power and 
sampling depth (Section 3 .6).
This is ,  however, a suitable point for a brief mention of the effect 
of tubing parameters. In LA-ICP-OES i t  has been found that the greater 
the length of tubing between the ce ll  and the torch, the lower the
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analyte emission intensity observed (Ishizuka & Uwamino, 1983) . The 
dispersion of the emission profile is  also increased when a greater 
tube length is  used, but the total integral l i t t l e  affected.
3.5.2 Cell to torch tubing diameter and length
The nickel disc was used to investigate the influence of tube diameter 
and length on the response obtained from N mode shots. A ce l l  flow of 
0.8 L min-1 and an add-in of 0.2 L min-1 were used. At the normal tube 
length of about 1.5 meters, three different diameter tubes were 
employed in succession. The mean integral responses obtained from 
single 0.3 J  shots (n=4) with tube internal diameters of 4, 5, and 6
mm are given in Table 8.
Higher signals are evident at the greater tube diameters. This is  
possibly due to a slower rate of arrival of analyte at the ICP that 
allows more effic ien t volatilisation. I t  is  interesting to note that 
the mean gas velocity is  reduced by a factor of 2.25 in the change 
from a diameter of four, to one of six mm.
T h e  t u b e  l e n g t h  i s  a l s o  o f  i m p o r t a n c e ,  n o t  o n l y  b e c a u s e  o f  i t s  
i n f l u e n c e  o n  r e s p o n s e  b u t  i n  p a r t i c u l a r  a p p l i c a t i o n s  w h e r e  f o r  
e x a m p l e ,  r a d i o a c t i v e  m a t e r i a l  h a s  t o  b e  t r a n s p o r t e d  a  c o n s i d e r a b l e  
d i s t a n c e  f o r  d i r e c t  i n p u t  i n t o  t h e  IC P  s p e c t r o m e t e r .
The nickel disc was again used as the sample; free-running shots of 
0.1 and 0.3 J  were used for ablation. The tube length was varied from
1.5 to 10 meters, i t s  internal diameter was the usual 5 mm. Seven 
hundred sweeps were obtained per integration, rather more than was
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Table  8 : In flu en ce  of C e ll  to  Torch Tube Diameter on
In te g r a l  Response in LA-ICP-MS
Isotop e In t e g r a l  Response
Tube Diameter 4 mm 5 mm 6 mm
Mg(26) 3449 4266 4577
Mn(55) 10008 15600 15288
N i(62) 25385 50197 42241
P b (208) 55 76 74
Responses are mean i n t e g r a l s  ( n - 4 ) , no abundance c o r r e c t io n  used 
A s in g le  0 .1  J  N mode shot was used per in t e g r a t io n  
Sample was the N ickel 200 d is c
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u s u a l .  T h i s  w a s  t o  c a p t u r e  t h e  g r e a t  m a j o r i t y  o f  t h e  s i g n a l  e v e n  i f  
t h e  r e s p o n s e  b e c a m e  r a t h e r  d i m i n i s h e d  b u t  p r o l o n g e d  a t  g r e a t  t u b e  
l e n g t h s .
The mean integral responses (n=4) of minor constituents of the nickel 
as a function of increasing tube length are given in Figures 32 and 
33. The figures refer to ablation by single 0.1 and 0.3 J  shots 
respectively. Although signal losses were observed at longer tube 
lengths, the magnitude of the losses was certainly insufficient to 
prevent or even to substantially degrade analysis. There were also no 
apparently significant differences between the behaviour of the two 
elements or between the two laser energies used.
U s e f u l  e x t e n s i o n s  t o  t h i s  w o r k  m i g h t  i n c l u d e  a n  i n v e s t i g a t i o n  o f  t h e  
r e s p o n s e  o b t a i n a b l e  f r o m  Q m o d e  s h o t s  a n d  t h e  a b l a t i o n  o f  d i f f e r e n t  
m a t r i c e s .  H o w e v e r ,  t h e  r e s u l t s  o b t a i n e d  h e r e  a r e  e n c o u r a g i n g ,  
e s p e c i a l l y  f o r  t h o s e  a p p l i c a t i o n s  s u c h  a s  i n  t h e  n u c l e a r  i n d u s t r y ,  
w h i c h  n e c e s s i t a t e  t h e  u s e  o f  l o n g  c e l l  t o  t o r c h  d i s t a n c e s .
3.6 Experimental investigation of plasma parameters
3.6.1 Introduction
Variables such as the temperature profile and the velocity of the 
sample aerosol in the central channel of the plasma determine the 
degree of volatilisation and ionisation, and hence the integral 
responses obtained. These variables depend upon the four gas flows 
used, the energy coupled to the system, and the point of sampling 
along the centre channel. The injector tube diameter is  also of 
importance since for a fixed flow, increasing the tube diameter
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Signal Relative to  Signal a t 1 .5m
(E = 0.1 J)
Connection Tub* Length (m) 
□ Mg + Mn
Figure 32: Relative response as a function o f cell to torch distance 
(laser energy = 0.1 J N mode)
Signal Relative to  Signal a t 1 .5m
Connection Tube Length (m) 
O Mg + Mn
Figure 33: Relative response as a function o f cell to torch distance 
(laser energy = 0.3 J N  mode)
reduces the particle velocity. In addition to these parameters gases 
other than argon may be added to the centre channel or coolant flow. 
These gases may change the thermal conditions and hence the system 
response.
In this section experimental data on each of these variables are given 
and their implications discussed.
3.6.2 Coolant gas flow
Low coolant flows are not practicable since they lead to overheating 
of the quartz torch. Also, i t  was not expected that changes in coolant 
flow would have a strong effect on integral responses and this was 
confirmed as the data of Table 9 show.
The integrals were obtained, under typical operating conditions for 
real analyses, by ablation of the nickel disc by a single 0.3 joule N 
mode shot per 30 second integration covering the fu ll  mass range. For 
consistency and safe operation 14 L min-1 was used for a l l  analyses.
3.6.3 Auxiliary gas flow
The auxiliary flow is  used to help protect the in jector tip  from 
overheating. Experience suggests that i t  has a minimal impact on 
system response. A flow of 1.0 L min-1 was used throughout this work.
3.6.4 Cell and add-in flow, plasma power, and laser energy
Changes in the c e l l  flow affect not only the amount of vapour and 
particulate matter assimilated by the gas stream, but also the 
position where analyte ions are produced along the central channel of
1 0 0
Table 9 : In f lu e n c e  of Coolant Flow on In te g r a l  
Response in Laser A blation  ICP-MS
Coolant Flow (L min-1) 12 13 14
Iso top e In te g r a l Response
Mg(26) 4945 3576 4722
Mn(55) 16133 14510 14622
N i(62) 50528 53682 49889
Pb(208) 72 79 68
Responses are mean i n t e g r a l s  ( n - 4 ) , no abundance c o r r e c t io n  used 
A s in g le  0 .3  J  N mode sh ot was used per in t e g r a t io n  
The sample was the N ickel 200 d is c
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the ICP. Thus i t  was important to study the effect of different 
combinations of ce ll  and add-in flow, and different total central 
channel flows.
To do this, total central channel flows of 0.6 to 1.4 L min-1 in steps
of 0.2 L min-1 were examined. For each total central channel flow, a
combination of ce ll  and add-in flows was used. At a total central 
channel flow of 0.6 L min-1 for example, the ce l l  and add-in flow
combinations were 0.2 and 0.4, 0.4 and 0.2, and, 0.6 and 0.0 L min-1,
)
respectively.
The integral responses of nickel and manganese as a function of ce ll  
and add-in flow are given in Figures 34 and 35. These were obtained by 
one minute fu ll  mass range integrations when the nickel disc was 
ablated with a 0.3 J  N mode shot. The forward r . f .  plasma power was 
1500 W. Notice that, for the sake of clarity , the gas flow scales read
in the -X and -Y directions. I t  is apparent that at fixed ce ll  flow,
increased add-in flow is  detrimental to signal response. The greatest 
responses are to be found at moderate ce ll  and low add-in flows.
I f  an add-in flow is to be used i t  is  appropriate to keep i t  as small 
as possible. Thus a ce ll  flow of about 0.4 L and an add-in flow of 0.2 
L min-1 gave high responses. Background levels, as determined in gas 
blank spectra at masses where memory effects were expected to be 
to ta lly  negligible, were typically less than 20 counts per 
integration. These were due primarily to stray ions and not photons.
This was confirmed by looking at blanks obtained when no voltages were 
applied to the ion optics. Background counts then dropped to around 3
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Figure 34: Response as a function o f cell and add-in flow  (N i)
Celi Fiow (L  m !n—1 )
Figure 35: Response as a function o f cell and add-in flow  (M n)
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c o u n t s  p e r  i n t e g r a t i o n .
typically 15 counts per integration at a total central channel flow of 
0.6 L min-1, they were only about 2 counts per integration at 0.8 L 
min-1. In solution ICP-MS practice, nebuliser, i . e .  central channel, 
flows of about 0.8 L min-1 are also found to be a good compromise, 
giving high signal to background ratios without substantial solids 
deposition on the sampling cone. Under such conditions the dwell time 
is  suitable for the volatilisation and ionisation of even refractory 
elements. In addition, i t  may be noted that the practical advantages 
of the add-in flow were not found to be substantial and so i t  was not 
used in the analysis of real matrices.
As expected, response increases with laser energy. This is  shown in 
Figure 36, which also indicates the increase in the Mg response with 
forward r . f .  plasma power. These results were obtained from ablation 
of the nickel disc with N mode shots. Full mass range integrations 
(n=4) at a ce ll  flow of 0.4 and an add-in of 0.2 L min-1 were 
obtained. At the same add-in but higher ce ll  flow (1.0 L min-1) as 
depicted in Figure 37, the response benefit of higher forward r . f .  
powers is  more marked and absolute levels are higher than at lower 
ce ll  flow. However, in view of the compromises involved in the choice 
of operating conditions, a ce l l  flow of 0.8 L min-1 and a forward 
plasma power of 1500 W were generally used for real analyses.
In the Q mode responses again increase with laser energy, but at fixed 
energy and plasma power absolute integrals are a factor of around 40
W h i l e ,  a t  s u i t a b l e  m a s s e s  ( 1 8 8 ,  1 9 5  a n d  2 1 1 ) ,  b a c k g r o u n d  l e v e l s  w e r e
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1 0 5
lower than in the N mode (Figures 38 to 41). The linearity  of the 
response energy plots implies that no plasma saturation, due to 
disturbance of the ionisation equilibrium in the plasma occurs. This 
is  confirmed by plots of the Ar integrals versus laser energy. In a l l  
cases virtually horizontal lines are observed showing no major change 
in the ionisation mechanism even at high laser powers.
3 .6 .5  Sampling depth and in jector tube diameter
Volatilisation and ionisation of material injected along the central 
channel of the ICP depends upon the temperature profile and the dwell 
time. Higher central channel flows imply a quicker particulate transit 
through the ICP and hence that the region of ion formation is moved 
away from the torch. Thus the point of optimal sampling, i . e .  the most 
suitable loadcoil to cone aperture separation, is  also changed.
A study was undertaken in which the nickel disc was ablated with a 
single 0.5 J  N mode shot per integration. The add-in flow was 0.2 L 
min-1. Three ce l l  flows, 0.6, 0.8, 1.0 L min-1, were investigated
(Figures 42 to 44). As expected the maximum response is  displaced to 
higher distances at higher ce l l  flows. Figure 43 illu stra tes  maxima in 
the integral responses at d=10 mm. Since no add-in flow was used for 
the analysis of real matrices i t  may be expected that the optimal 
sampling depth (d) was actually below the 10 mm traditionally used.
The use of a large-bore injector (3 mm, i .d . ) ,  instead of the usual
1.5 mm internal diameter, was also considered. This might be expected 
to have advantages in terms of improved sensitivity. However, detailed 
investigations revealed no such benefits. A similar pattern of
1 0 6
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Laser E nergy  (J )  0 —Sw itched M ode
O Mg + Mn
Figure 38. Response as a function o f Q mode laser energy (forward 
plasma power = 1100 W )
Laser E nergy  (J )  Q—Sw itched Mode  
D Mg + Mn
Figure 39: Response as a function o f Q mode laser energy (forward 
plasma power = 1300 W )
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Laser Energy (J) Q—Switched Mode 
O Mg + Mn
Figure 40: Response as a function o f Q mode laser energy (forward 
plasma power = 1500 W )
Laser Energy (J) Q—Switched Mode 
□ Mg + Mn
Figure 41: Response as a function o f Q mode laser energy (forward 
plasma power = 1700 W )
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Co';!—Cone Separation (mm)
0  Mg +  Mn
Figure 42: Response versus loadcoil-cone aperture separation (Cell 
flow  = 0.6 L  m in-1)
Coil—Cone Seporotion (mm)
O Mg + Mn
Figure 43: Response versus loadcoil-cone aperture separation (Cell 
flow  = 0.8 L  m in-1)
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Figure 44: Response versus loadcoil-cone aperture separation (Cell 
flow  = 1.0 L  m in-1)
no
response as a function of loadcoil-cone aperture separations 
obtained^ith the 1.5 mm bore in jector was obtained. Since r . f .  forward 
plasma power is a key parameter with respect to analyte volatilisation 
and ionisation, i t  was kept constant at 1500 W for both of these 
studies.
Similar results have been observed elsewhere for solution nebulisation 
ICP-MS (Vaughan et a l . ,  1987; Gray & Williams., 1987) . Differences in 
plasma potential (Gray et. al.., 1987) and electron density (Caughlin &
Blades., 1987) have been found in dry as compared to wet ICP's. (In 
solution nebulisation ICP-MS the plasma may be called wet). But 
despite these differences, the analyte distributions along the central 
channel, and their variation with central channel flow, are similar in 
both wet and dry plasmas. There may be differences in the off-axis 
distributions of analyte ions, and also in important interfering 
species (oxides, doubly-charged ions, e t c . ) .  The la tte r  tend to be 
lower in the dry ICP. Unfortunately ablation of the nickel disc shed 
no light on the distribution of such species since i t  contained no 
significant amounts of refractory elements nor of those which have 
low second ionisation potentials.
3.6 .6 Mixed gases
3 .6 .6 .1  Nitrogen in the coolant flow
In ICP-OES there are a number of reasons for the addition of other 
gases to the argon supplies to the plasma. These include lower 
operating costs; improved signal-to-background ratios; improved signal 
to noise ratios; achievement of different analytical capabilities; to 
effect the study of excitation and ionisation processes in the ICP
1 1 1
( C h o o t  & H o r l i c k ,  1 9 8 6 a ) .
The employment of nitrogen in particular, dates from a quarter of a 
century ago (Greenfield et al.., 1964). Its  use alters the thermal
conductivity characteristics of the plasma atmosphere. At 7000 K, 
nitrogen has a thermal conductivity 32 times that of argon (Greenfield 
et a l . ,  1975). A thermal pinch effect accompanies the addition of 
nitrogen to the coolant flow, whereby the volume of the plasma is 
considerably reduced. The magnitude of the effect depends upon the 
amount of nitrogen used. In addition the volume of the central channel 
region is  also reduced. I f  the percentage of nitrogen added is small 
(5-20 %) an increase in the emission intensities of both the neutral
and ion lines is  observed (Choot & Horlick, 1986a). A considerable 
change in the electron density is  also produced (Choot & Horlick, 
1986b).
In view of the work already undertaken in this area i t  seemed
appropriate to investigate the possibility  of using mixed gas plasmas 
in ICP-MS. Real analytical advantages might be expected, as have 
already been realised in ICP-OES (Choot & Horlick, 1986c; Choot &
Horlick, 1986d).
Apart from the early work of Houk et a l. (1983) there is  l i t t l e
literature on nitrogen addition to argon ICP's for mass spectrometry. 
Gases other than argon for the support of ICP's are currently of 
considerable interest in ICP-MS. However, of concern here is the 
addition of foreign gases to argon plasmas rather than plasmas 
completely supported on a different gas, e.g. helium, (Montaser et
11 2
a l . , 1 9 8 7 ) .
The influence of small additions of nitrogen to the outer coolant flow 
on system response was studied by ablation of the nickel disc and of a 
geological compact viz a gel standard of the British Geological Survey 
(BGS), designated PCI (Date 1978; Date, 1982). Ablation of the nickel 
disc is  dealt with f i r s t .
Nitrogen from a cylinder was added to the argon coolant gas line via a 
flowmeter and a T-piece. Coolant flow nitrogen concentrations were 
increased from 0 to 2 % v/v in steps of 0.2 per cent. Such levels have 
been found to give increased analyte signals in solution nebulisation 
ICP-MS (Durrant, unpublished work, 1988). When nitrogen was added the
argon component was correspondingly reduced to ensure that the total
. 12 coolant flow remained constant. As usual, the C signal was maximised
by alteration of the ion optic voltages. This was undertaken at each
nitrogen flow since conditions in the plasma are obviously changed at
increased nitrogen flows. In addition, since the physical structure of
the plasma also changes, alignment of the central channel flow in the
vertical and horizontal directions was also checked. This was possible
since the torchbox could be adjusted on i t s  mount by means of
micrometer screws.
At each nitrogen flow four integrations of individual, 0.3 J  N mode 
shots were taken. The fu ll  mass range integrations were each of one 
minute duration. A constant to ta l ce l l  flow of 0.4, and an add-in of 
0.2 L min-1 were used at a forward r . f .  plasma power of 1500 W.
1 1 3
Integral responses of magnesium and manganese are shown in Figure 45. 
Integral enhancements of 50 to 100 % are seen at about 1 % compared to 
no coolant nitrogen. Generally increased levels of ionisation are 
implied by an increase seen in the concentration of Ar and ArH ions at 
higher nitrogen additions (Figure 46). As may be expected a linear 
increase in the levels of N and N2 ions with added nitrogen 
concentration is  also observed.
The signal enhancements may be due to more effective thermal 
conduction to the analyte in the central channel in the presence of 
nitrogen leading to greater volatilisation. The reduction in cross- 
section of the central channel may also lead to sampling of a greater 
fraction of the ions produced. A further complication may arise i f  in 
fact volatilisation occurs quicker and therefore closer to the torch 
than when nitrogen is  not present. I f  this is  the case shorter 
sampling depths may be needed to observe the fu ll benefits in terms of 
increased integral responses.
As noted above a BGS gel standard was also ablated. Use of such 
material allowed assessment of the matrix dependency of the analyte 
response enhancing effects of nitrogen addition to the coolant. 
Moreover, since the gel standard contained refractory elements i t s  use 
gave an indication of the effect of the nitrogen on oxide levels.
The gel standard was prepared by ball milling with 20 % w/w Elvesite 
2013 and pressing into XRF cups. Five 0.3 J  N mode shots were employed 
per 30 second fu ll mass range integration. The integral responses of 
Ce and Th at different nitrogen percentages are displayed in Figure
1 1 4
Nitrogen '.n Gooic.nt (.%)
O Mg + Mn
Figure 45: Response versus % nitrogen in coolant flow  (M g &  M n)
Nitrogen in Cooia.ot (.%) 
a  Ar + ArH
Figure 46: Response versus % nitrogen in coolant flow  (A r &  A rH )
1 1 5
47. A signal increase in going from 0 to about 0.5 % nitrogen is seen. 
The magnitude of the increase is about 100 %, similar to that observed 
with the nickel disc. Unfortunately, as Figure 48 shows, the absolute 
oxide levels also tend to increase. However, oxide to metal ratios, 
which are already rather low, show some improvement (Figure 49). The 
oxide is ratioed to the to ta l of the analyte and i t s  oxide. Otherwise, 
i f  oxide levels are high an exaggerated ratio is  calculated. Doubly 
charged ions of the analyte should s tr ic t ly  also be included in the 
denominator of the oxide to total metal ratio. However, mass 
discrimination effects are an extra hazard in such calculations. 
Fortunately, in this work undesirable species are generally at rather 
low levels (< 0.5%) so l i t t l e  practical difference is  found between 
the ratio MO+/M+ and MO+/(M+ + MO+ + M2+ ) .
Although of interest, levels of doubly charged ions are d iff icu lt  to
a s s e s s  s i n c e  t h e y  c o i n c i d e  w i t h  e l e m e n t s  i n  t h e  m a t r i x  a b l a t e d .  I n
principle i t  is  possible to calculate integrals of one isotope based
on those of another of the same element. Here, however, rather low
oxide levels would be sought upon large analyte peaks. For example, 
140 2 .Ce + coincides with an isotope of both Zn (0.62 %) and Ge (20.52 
%). The total concentration of the former in the gel standard is  1000 
ug g-1.
3 .6 .6 .2  Nitrogen in the ce ll  flow
A similar effect to that produced by nitrogen addition to the coolant 
flow is expected to arise from supplementation of the central channel 
flow. In this work nitrogen was added to the ce l l  flow, again via a 
flowmeter and a T-piece. I t  is  assumed that to a close approximation 
the scavenging by the nitrogen is  the same as that of argon. Three
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r . f .  plasma powers were investigated; 1300, 1500, 1700 W. Both the
nickel disc and the gel standard PCI were ablated.
The percentage nitrogen in the ce ll  flow was increased from zero to
the point of plasma extinction, in steps of 12.5 %. Four fu ll  mass
scans were obtained under each condition with ablation by a single 0.3
J  N  m o d e  s h o t  p e r  i n t e g r a t i o n .  A s  b e f o r e  t h e  i o n  o p t i c s  w e r e  a d j u s t e d
12to maximise the signal on C at each nitrogen flow.
The integrals of magnesium and manganese as a function of the 
percentage of nitrogen in the ce ll  flow at the three plasma powers are 
given in Figures 50 to 52. Increases in analyte integrals are observed 
as before, the magnitude of the increase tending to be greater at 
higher plasma powers. The integrals increase by factors of three to 
five, i .e .  more than when nitrogen is  added to the coolant.
I f  the experiment is  repeated, this time using the gel standard with 
four 0.1 J  N mode shots per integration, less impressive results are 
obtained. Figures 53 to 55 show that only at about 12.5 % are the 
analyte signals increased. Thus, as might be expected, the integral 
enhancement exhibits some matrix dependency. Despite th is , oxide to 
to ta l analyte ratios are improved, i .e .  decreased, by addition of 
nitrogen (Figures 56 to 58). The decrease is  about a factor of four 
and roughly the same at each plasma power.
Very recent work in solution nebulisation ICP-MS has indicated that 
interferences such as ArCl+ and Cl2+ are reduced by addition of
nitrogen to the nebuliser flow. Unlike the findings reported above
1 1 9
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Figure 57: Oxide to metal ratios versus % nitrogen in cell flow  
(forward plasma power = 1500 W )
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analyte signals were found to decrease, though interfering species 
tended to be decreased to an even greater extent (Evans & Ebdon, 
1989). Similar results have also been presented by Beauchemin (1989).
I t  is  perhaps not surprising that these recent results differ from 
those obtained in this work. The exact responses will clearly depend 
on the particulars of the spectrometer used. Of more importance, 
however, is probably the fact that these other results refer to a wet 
rather than a dry plasma.
3 .6 .6 .3  Hydrogen in the coolant / ce ll  flow
In wet ICP's hydrogen, derived form the water present, has a key role 
in increasing the thermal conductivity and hence in the energy 
transfer processes from the plasma to the analyte (Tang & Trassy,
1986). However, high water loadings have detrimental effects in ICP-MS 
due to the associated increases in oxide and hydroxide species which 
may l ie  on isotopes of analytical interest. Thus water-cooled spray 
chambers which reduce the water loading of the ICP help to reduce 
oxide and polyatomic species. Also, low ion energies can then be 
obtained across the mass range thus minimising mass discriminatory ion 
focusing effects and allowing simpler ion focusing (Hutton & Eaton,
1987) .
Assessment of the analytical advantages to be gained when hydrogen gas 
is  added to the central channel flow of the ICP in optical emission 
studies is  currently an active research area (Murillo & Mermet, 1989). 
Hydrogen is  of interest because of i t s  presence in wet ICP's and also 
since i t s  thermal conductivity is  greater than that of nitrogen.
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Considering the background given above i t  may anticipated that 
hydrogen addition to the coolant or ce ll  flow may be beneficial in a 
way similar to nitrogen. Indeed, perhaps even greater advantages might 
be expected. The experiments noted above using additions of nitrogen 
to the ICP and ablating the gel standard PCI, were repeated using 
hydrogen.
No positive benefits were observed with hydrogen addition to the 
coolant flow. Repeated experiments with hydrogen supplementation of 
the ce ll  flow at the three r . f .  forward plasma powers noted above, 
also produced no analytical advantages. Analyte levels were not 
consistently improved, nor oxide levels reduced. I t  may be that 
dynamic effects are also important in the energy transfer processes: 
the hydrogen molecule is  much lighter than that of nitrogen.
3.7 Summary
Review of the literature on the laser-solid interaction reveals a 
rather complicated process dependent on a myriad of parameters. 
Although the effects of many of these parameters have previously been 
investigated, particular systems require individual attention.
The characteristics of laser ablation using a ruby laser, with 
ionisation and ion detection by the Surrey prototype ICP mass 
spectrometer, have been investigated. Some of the physical effects of 
laser shots on different sample materials were reported. Despite some 
theoretical advantages of the Q mode, the N mode was more practical 
for use with this system in most cases because of the higher integrals
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o b tain ed .
F o c u s i n g  o f  t h e  l a s e r  w a s  n o t  c r i t i c a l  f o r  m u l t i e l e m e n t  s c a n s  w h e n  t h e  
l a s e r  w a s  u s e d  i n  t h e  N  m o d e . S i m i l a r l y ,  a s  l o n g  a s  t h e  c e n t r e s  o f  
a b l a t e d  p i t s  w e r e  a t  l e a s t  o n e  d i a m e t e r  a p a r t ,  l a s e r  s h o t  s e p a r a t i o n  
w a s  n o t  c r i t i c a l  t o  i n t e g r a l  r e s p o n s e .  A b l a t i o n  a t  a n g l e s  o t h e r  t h a n  
n o r m a l  i n c i d e n c e  m a y  b e  p r e f e r a b l e  i n  t e r m s  o f  s y s t e m  r e s p o n s e .
As expected, the form of an element within the sample has some 
influence on the response obtained. Rather high concentrations of 
individual elements in the sample can suppress the responses obtained 
for other elements. Such effects emphasise the matrix dependent nature 
of the ablation process/ probably the major obstacle to be overcome in 
quantitative analysis by LA-ICP-MS.
The characteristics of the ce ll  to torch gas tubing were studied with 
regard to system response. They were found not to be c r i t ic a l  and this 
has important implications for applications involving the analysis of 
hazardous materials.
Optimal gas flow parameters and their relationship to laser energy and 
plasma power were studied. At a plasma power of 1500 W, which is 
suitable for real analyses, the optimum ce ll  flow was about 0.8 L min- 
1 (no add-in used). I t  may be noted, however, that fu ll  system 
optimisation is very time consuming. In addition, although the above 
conditions may be a good compromise for real analyses, they s tr ic t ly  
only apply to the particular matrix ablated and the laser energy used. 
The matrix dependency of the ablation process and the numerous extra
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variables influencing the system response make optimisation rather 
less straight forward than for solution nebulisation ICP mass 
spectrometry.
Since system response also depends on the injector tube diameter and 
the point of sampling within the central channel, i . e .  the sampling 
depth, these too were studied. No significant advantages were obtained 
by the use of the large in jector. The dependency of the analyte 
distribution along the central channel upon injector flow was found to 
be similar to that obtained in a wet plasma.
Small percentages of nitrogen added to the coolant flow were found to 
increase analyte levels by about a factor of two and consequently 
decrease oxide to to ta l metal ratios. In the case of nitrogen addition 
to the ce l l  flow, analyte increases of around a factor of five, were 
observed. These effects , thought to result primarily from the 
increased thermal conduction to the analyte in the central channel in 
the presence of the nitrogen, may well improve analytical performance.
Hydrogen supplementation of the plasma gas flows was expected to give 
similar improvements to system performance as nitrogen. However, 
experiments failed to reveal any such improvements.
1 2 9
CHAPTER 4
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4.0 SYSTEM PERFORMANCE
4.1 Introduction
There are a number of figures of merit which are of importance in 
assessing system performance in the analysis of actual samples. These 
may include ease of, and time required for, sample preparation; sample 
throughput and cost per sample; multielement capability; dynamic 
range; detection lim its; accuracy; precision; isotope ratio 
capability. In this chapter these parameters and some experiments 
concerning them are discussed.
As noted previously, one of the prime motivations for the use of a 
laser for solid sampling l ie s  with the avoidance of the need for time- 
consuming and sometimes dangerous sample preparations. This advantage 
is  largely realised in practice and sample preparation time reduced to 
a few minutes per sample i f  ball-milling is required. Some samples in 
fact need no preparation at a l l ,  e.g. metals.
Sample throughput is comparable or superior to that found with 
solution nebulisation. This is  due to two main factors. F irstly , 
sample interchange is simple and rapid; secondly 'washout' times are 
reduced when using the laser for ablation. The la tte r  involves purging 
the ce l l  with argon after sample ablation to reduce memory effects.
The costs of analysis by LA-ICP-MS are broadly similar to those of 
solution nebulisation ICP-MS. The laser is an additional capital cost, 
rather more expensive than any nebuliser system. Against this must be 
weighed the saving in time spent by an analyst on sample preparation 
and the slightly reduced analysis time. The ICP-MS running costs will
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be similar with the two introduction techniques. A supply of aqueous 
standards is necessary with solution nebulisation but expensive solid 
standards, typically certified  standard reference materials, are 
required for laser ablation. In addition, since the laser i t s e l f  is a 
sophisticated piece of equipment i t  requires regular maintenance.
The elemental coverage of the two techniques is essentially the same. 
Reduced interference levels in the dry plasma may sometimes allow the 
determination of particular elements by laser ablation which cannot be 
obtained by solution nebulisation ICP-MS, e.g. S, Fe, Si. This may 
apply for example, to the analysis of a metal matrix, whereby oxides 
of one element are coincident with isotopes of another element of 
in te re s t .
Scan rate is an important variable in LA-ICP-MS. When used to 
accumulate integrals for a range of masses, the mass spectrometer must 
sweep the mass range of interest. Thus i t  is  not active over the whole 
mass range simultaneously. This is  not a problem in solution 
nebulisation, as long as the sample aerosol is  introduced to the 
injector flow at a reasonably steady rate. I f ,  however, the rate of 
arrival of ions at the detector changes appreciably during a mass 
scan, unrepresentative integrals are obtained. The transient nature of 
the signal obtained by sample ablation by single laser pulses can 
cause this problem. Clearly a fast scan rate is  preferable in such 
circumstances. Therefore, throughout this work a dwell time of 50 us 
per channel and 2048 channels per fu ll mass scan were used (rather 
faster than is usually employed for solution nebulisation ICP-MS).
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The resolution of the mass spectrometer can be changed by altering a 
set of voltages. There is a direct compromise between sensitivity and 
resolution. The greater the required resolution the lower the 
sensitivity (Williams, 1989a). In this work the resolution was 
generally set such that background levels were reached in at least one 
channel between adjacent peaks.
4.2 Optimisation of ion lenses
12At a particular set of operating conditions the response of C was
employed to find the most appropriate ion lens voltages. In other
. 12words the voltages which gave the highest C signal. Carbon is 
present at significant levels in the dry plasma as an impurity in the 
argon.
I f  carbon behaved atypically then the optimisation procedure adopted
would not be suitable. To investigate this possibility the nickel disc
was ablated under typical conditions but with continuous ablation by
0.1 J  N mode shots at 1 Hz. Hence quasi-stable signals were produced 
25and the Mg level monitored. The ion lenses were adjusted to maximise
the ion count rate for this element.
There are a number of separate cylinders making up the ion optics.
These include the extractor, collector, four lenses, a d ifferential 
aperture, entrance plates and rods, and exit plates. Typically, zero 
voltage was necessary for the la tte r  three elements. The voltages
. i 19 9 Srequired on six of the lens elements for optimisation on C or Mg
are given in Table 10. The differences in the optimal voltages are
. . . .  12 negligible indicating that i t  is  reasonable to use the C signal to
optimise the system.
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Table 10 : O p tim isa tio n  of Ion Lenses on t 2 C and 
==Mg in  L aser  A blation  ICP-MS
P o t e n t ia l (V o lts )
Opt* E x tr C oll Lens 1 Lens 2 Lens 3 Lens 4 D i f f e r e n t i a l
Aperture
1:2C 150 500 325 1 1 .9 2 3 .4 0 .0 9 9 .3
==Mg 160 500 325 1 1 .2 2 4 .6 0 .0 9 9 .9
* O p tim isa tio n  on t 3 C or 2 3 Mg, Carbon i s  p re se n t as a im purity in  
the  argon; Magnesium s ig n a l  o b ta in ed  by the a b la t io n  of the 
N ickel 200 d is c  by 0 .1  J  N mode sh o ts  a t  1 Hz 
E x tr  -  e x t r a c t o r  
C o ll -  C o l le c t o r
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obtained when BGS gel standard PCI was ablated. Again the differences
in the optimal voltages were small. Spectra obtained by ablation of
12t h e  g e l  s t a n d a r d  w h e n  t h e  s y s t e m  h a d  b e e n  o p t i m i s e d  f i r s t l y  o n  C ,
p O Q
and secondly on U are given in Figures 59 and 60. There appear to
be no significant differences between the two optimisations.
12C o n s e q u e n t l y  t h e  c h o i c e  o f  C  f o r  t h e  o p t i m i s a t i o n  o f  t h e  i o n  o p t i c s  
v o l t a g e s  i s  j u s t i f i e d .
I t  is  worthwhile to note here that although a positive pole bias is 
generally used in solution nebulisation ICP-MS, i t  was found that zero 
voltage was preferable in this work.
4.3 Integration time
Typically integration times of nominal duration thirty seconds or one 
minute were used. This implies 300 or 600 sweeps over 2048 channels. 
Greater integrals are obtained at longer integration times i f  analyte 
is  continually introduced to the system. The sample throughput is 
however, reduced as a consequence.
I f  a single laser shot is  used for sample ablation a transient signal 
is  produced. The exact temporal development of the analyte signal also 
depends on the gas flow conditions. As long as the integration period 
covers the peak of the response function the majority of the signal is  
counted.
The last point is  illustrated by noting that the integrals of 
magnesium and manganese, obtained by integrations of 60 seconds, when
A s im ila r  experim ent was undertaken by op tim isin g  on th e  U s ig n a l
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Figure 59: Spectrum obtained from the ablation o f BGS gel standard 
P C I, w ith  system optim isation on C
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Figure 60: Spectrum obtained from jhe  ablation o f BGS gel standard 
P C I, w ith  system optim isation on 238U
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the nickel disc was ablated with a single 0.3 J  N mode shot, were only 
about 25 % greater than those obtained with an integration of 30
seconds, i . e .  the second 30 s period only added a further 25 % of the 
total peak area by including the peak t a i l .
4.4 Background interferences
A number of polyatomic species are present in the plasma regardless of
any analyte. These are derived from the argon plasma support gas and
impurities within i t ,  entrainment of nitrogen and oxygen from the
atmosphere, and desorption of gases from the system. In solution
nebulisation, water-derived species also make a significant
contribution. In particular, the elements Si, P, S, Ca, Fe, Cr, Ge,
40and Se are affected by polyatomic ions. The Ar peak is  saturated and
40 44lie s  on that of Ca. Therefore the Ca peak is  usually used to
determine calcium. Interferences coincident with isotopes of the other
elements noted are given in Table 11. The levels are compared to those
obtained in solution nebulisation work. Far fewer of these
interferences occur in the dry plasma. Only the species containing
argon alone are not significantly reduced.
The analytical advantage of the interference reductions depends upon 
the sensitivity  available. But the la tter  may be increased by the 
choice of key parameters such as laser energy. Apart from the major 
background species, very low responses occur throughout the mass 
range. This is  true of gas blanks, blanks obtained by the ablation of 
inert material such as the Elvesite 2013 binder, or of the high purity 
graphite mentioned previously.
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Table  11 : Comparison of background i n t e g r a l s  obta in ed  by Laser 
A blation  and S o lu t io n  N e b u lis a t io n  Methods
m/z S p e c ie (s ) Analyte iso to p e  
(abundance, fc)
R a t io  of peak 
i n t e g r a l s  
( l a s e r / s o l u t i o r r  )
28 "*N3 + S i (9 2 .1 8 ) 0 .0 4
29 4^N=*H+ S i (4 .7 1 ) 0 .2 0
30 S i (3 .1 2 ) 0 .1 9
31 i= Nx^0 + , l ^N1<fa0H+ P(100) 0 .0 0 2
32 lA0 3 + S (9 5 .0 2 ) 0 .0 1
33 S (0 .7 5 ) 0 .0 0 0 3
34 1&OlB 0+ S ( 4 .2 2 ) ' 0 .0 2
54 ^°A r1^N+ F o ( 5 . 9 0 ) , C r(2 .3 8 ) 0 .0 7
56 ^ ° Ar l ^o+ F e (9 1 .5 2 ) 0 .0 1
57 *°Ar idJ0H+ F e (2 .2 5 ) 0 .0 1
76 3*Ar*°Ar+ Ge( 7 . 7 6 ) , S e (9 .1 2 ) 0 .4 2
80 4°Ar=+ S e ( 4 9 . 9 6 ) ,K r (2 .2 7 ) 1 .0 3
a In t e g r a l s  f o r  s o lu t io n  tech n iq u e were o b ta in ed  from an 
in t e g r a t io n  of n eb u lised  1 % v /v  HNOz* s o lu t io n
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4.5 Analvte-derived interferences
In the analysis of particular samples interferences may occur which 
derive from the analytes present. Oxides, doubly-charged, and 
occasionally hydroxide species are to be found in spectra of actual 
samples. The extent of these species depends on the element concerned 
and the system parameters used.
Typical ratios of interference to analyte are given in Table 12. The 
elements chosen are refractory in order to observe the interferences 
clearly above background. The laser data were obtained by laser 
ablation using four 0.1 J  N mode shots per integration on BGS gel 
standard PCI. Conventional pneumatic nebulisation was undertaken using 
a solution containing the elements Ba, Ce, Th and U at 100 ng mL-1 in 
1 % v/v n itr ic  acid.
An improvement in the interference to analyte ratio is  observed in 
every case for LA-ICP-MS compared to solution nebulisation. The 
reduction in the ratios can be substantial, e.g. a factor of 16 in the 
case of UO+/U+. Even where the ratio of interference to analyte is  not 
large for solution nebulisation, some improvement was s t i l l  observed 
with laser ablation, e.g. BaO+/Ba+.
4.6 Sensitivity and detection limits
The detection limit is a measure of the lowest determinable 
concentration and is  useful in comparisons of different analytical 
techniques (Analytical Methods Committee, 1987). I t  is  defined in 
equation (7):
Dx = 3s/S ....................................................................(7),
provided is  the detection limit, s the standard deviation of the
13 9
T able  12 : Oxide and Doubly-Charged Ions in  LA-ICP-MS
Element
Barium
Cerium
Thorium
Uranium
Rat io
BaO+/Ba+
Ba3 +/Ba+ 
CeO+/Ce+ 
ThO+/Th+ 
UO+/U+
LA-ICP-MS-
1 .9  X 10'
BaOH+/Ba+ 1 .8  X 10'
8 .7  X 10“3
6 .6  X 1 0"3 
6 .9  X 10~3
2 .7  X 10“3
Solution^ 
2 .8 6  X 10“* 
3 6 .9  X 10“*
4 5 .8  X 10“3
1 4 .9  X 10“3 
4 4 .5  X 1CT3 
4 3 .2  X IO"3
a Obtained from the a n a ly s is  of BGS gel standard  PCI using 
4 X 0 .1  J  f re e -ru n n in g  sh o ts  per in te g r a t io n
b Obtained from the a n a ly s is  of a 100 ng.mL“ l s o lu t io n  of Ba. Ce. 
Th and U in 1 % v /v  HNOs
\
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background and S the sensitivity  (counts per unit concentration per 
unit time). For real analyses a more re a l is t ic  quantity for the lowest 
measurable concentration may be taken to be 6s/S or even lOs/S. 
Clearly these d iffer from D-^  only by a constant multiplying factor, 
and the detection limit is  employed in this discussion.
Detection limits for a range of elements were determined in three
different materials. The three matrices were: Bowen's kale; BGS gel
standard PN1; NIST Standard Reference Material 361 ( s te e l) . Thus a 
diverse range of matrices, including Bowen's kale, a well 
characterised biological reference material, was selected. The two 
non-metals were prepared by ball milling with 20 % w/w Elvesite 2013 
and pressing in XRF cups in the usual way. The steel,  in the form of
small chips was simply pressed in a 13 mm diameter steel die to 10
tonnes, to give freestanding pellets .
Standard operating conditions, as for real analyses, were used. Ten 
gas blanks, integrations before or during which the laser was not 
fired, were accumulated. Sensitivities for each matrix were found by 
integration of the signals created by ablation using ten 0.3 J ,  N mode 
laser pulses. The results for a range of elements across the mass 
range form Mg to Pb are given in Table 13. Sometimes elements were not 
certified  and hence no sensitivity could be calculated for them.
I t  is  interesting that most of the detection limits are less than 1 ug 
g-1. Those above this tend to be based on small abundance isotopes or 
elements not fully ionised in the ICP, e.g. 44Ca and ^5C1 
respectively.
1 4 1
Table 13 t Limit* of Detection in L*a*r Ablation ICP-MS (ug g-1)
Matrix
Iaotopa Bowen'e Kale Gel Standard PN1 NIST Steel 361
Soln.ICP-MS
B (11) 3.7 - 2.5 -
Na(23) 4.7 - - -
Mg(24) 0.25 0.12 0.01 0.09
Al(27) 0.48 - - 0.10
Cl(35) 62 1.1 - -
K(39) 66 - - -
Ca(44) 28 12 0.8 1.0
Ti(48) - 0.12 0.25 0.24
V (51) - 0.10 0.38 0.02
Cr(52) - 0.03 0.60 0.01
Mn(55) 0.07 0.05 0.09 0.03
Ni(58) 0.10 0.01 0.7 0.32
Co(59) - - 0.18 -
Cu(63) 0.14 - 0.12 0.02
Zn(64) 0.40 0.06 - 0.06
Ga(69) - 0.03 - -
As(75) - - 4.1 -
Br(81) 5.5 - - -
Rb(85) 0.15 - - -
Sr(88) 0.14 - - -
Zr(90) - 0.17 0.29 -
Nb(93) - 0.03 0.38 0.01
Mo(98) 0.37 0.07 3.1 0.07
Ag(107) - - 0.08 -
Cd(114) 0.4 - - _
Sn(120} - 0.03 0.22 -
Sb(121) - - 0.03 -
Ba (138) 0.12 0.05 - 0.32
Ca(140) - - 0.04 -
Nd(144) - - 0.13 -
Ta(181) - - 0.28 _
W( 186) - - 1.7 -
Pb(208) 0.09 0.03 0.01 0.03
Th(232) - 0.11 - -
U(238) - 0.02 - -
Detection limits based on three times the standard deviation of
tan gas blanks and th* Bansitivity from two integrations of each
matrix. Ten 0.3 J N mode shots used per integration.
The detection limits for solution nebulisation were derived from
tan integrations of double distilled deionised water and a single
integration on the element solution at 1 ug mL-1. The dilution
142factor was 100.
D i f f e r e n c e s  i n  d e t e c t i o n s  l i m i t s  a r e  t o  b e  e x p e c t e d  f o r  d i f f e r e n t  
e l e m e n t s  s i n c e  s e n s i t i v i t y  i s  t o  so m e  e x t e n t  m a s s  d e p e n d e n t .  B e t w e e n -  
m a t r i x  d i f f e r e n c e s  m a y  a l s o  b e  a n t i c i p a t e d ,  d u e  t o  d i s s i m i l a r i t i e s  i n  
r e f l e c t i v i t y ,  d e n s i t y ,  e t c .
I t  is  worhwhile to compare these detection limits with those obtained 
by solution nebulisation ICP-MS in an essentially similar procedure. 
An assumption was made that a dilution factor of 100 would be 
necessary for the analyses of real samples. The powers of detection 
are very similar, so i t  appears that only where i t  is  possible to use 
a small dilution factor does solution nebulisation offer an advantage 
in this regard.
Assuming to a f i r s t  approximation, that steel ablates in the same 
manner as the nickel 200 disc, and taking a typical detection limit of 
0.1 ug g-1, implies an absolute detection limit of about 150 pg. This 
is similar to those reported for the analysis of steel by Mochizuki et 
a l.  (1988b).
D e t e c t i o n  l i m i t s  a r e  u s u a l l y  i m p r o v e d  w h e n  a l i m i t e d  m a s s  s c a n  i s  
u s e d .  A l t h o u g h  b a c k g r o u n d  c o u n t s  i n c r e a s e ,  a n a l y t e  c o u n t s  i n c r e a s e  t o  
a  g r e a t e r  e x t e n t ,  g i v i n g  h i g h e r  s e n s i t i v i t y  a n d  t h u s  l o w e r  d e t e c t i o n  
l i m i t s .
In order to i llu stra te  improvement in detection limits a number of 
reference materials were prepared with 20 % w/w Elvesite in the usual 
manner. The reference materials included: IAEA Lake Sediment SL-1;
IAEA Hay Powder V-10; NIST 1575 Pine Needles.
1 4 3
L im ite d  mass scans from m/z 232 to  238 were used, and the  lake 
sediment ab la ted  w ith  0.6 J N mode shots a t a ra te  o f 1 Hz. Four 1 
m inute in te g ra tio n s  were ob ta ined . Otherwise c o n d itio n s  were ty p ic a l 
o f those used w ith  a c tu a l samples. Ten b lank spectra  were ob ta ined in  
o rder to  determ ine the d e te c tio n  l im i t s  as de fined  by equation (7)
above. For Th and U the  d e te c tio n  l im i ts  were 2.0 and 0.4 ng g-1
. . 2 3 5re s p e c tiv e ly . A ty p ic a l spectrum is  g iven in  F igure  61. The
iso tope  is  c le a r ly  v is ib le  a t an e q u iva len t co nce n tra tio n  o f 29 ng per
gram.
Scans (n=4) over mass 232 on ly , when hay powder was ab la ted  under the 
same co n d itio n s  lead to  a background equ iva len t co nce n tra tio n  (BEC) 
fo r  Th o f 0.7 ng g -1 . The BEC is  s im ply the value o f the in te g ra l o f a 
p a r t ic u la r  iso tope  de rived  from a b lank spectrum expressed in  terms o f 
c o n c e n tra tio n .
T ha llium  in  p ine needles cou ld  be detected a t 0.2 ng g-1 (BEC). The 
same co n d itio n s  as above were employed, but the scan inc luded  m/z 203 
and 204 o n ly .
I t  may be concluded th a t u lt r a t ra c e  le v e ls  are access ib le  to  the 
technique a t the  expense o f increased sample a b la t io n  and reduced 
elem ental coverage. The form er may be a l im i ta t io n  i f  on ly  sm all 
sample masses are a v a ila b le . The la t t e r  r e s t r ic t io n  may be im portan t 
fo r  p a r t ic u la r  a p p lic a tio n s , bu t i f  s u f f ic ie n t  sample m a te r ia l is  
a v a ila b le , i t  may s im p ly mean th a t severa l analyses have to  be
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Figure 61: in IAEA Lake Sediment SL-1
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undertaken.
4.7 P r in c ip le s  o f c a l ib ra t io n
4 .7 .1  S e m iquan tita tive  a n a lys is
The in te g ra l ob ta ined fo r  a g iven ana ly te  conce n tra tio n  is  element 
dependent. I f  c o rre c tio n  is  made fo r  is o to p ic  abundance and the degree 
o f io n is a t io n ,  a f a i r l y  smooth s e n s it iv ity -m a s s  fu n c t io n  may be found. 
Thus i f  a standard is  a v a ila b le  co n ta in in g  a few elements a t known 
concen tra tions  across the mass range, a best f i t  s e n s it iv ity -m a s s  p lo t  
may be produced. This may be used in  the ana lys is  o f a s im ila r  m a tr ix .
I t  has the  advantage th a t s e n s i t iv i t ie s  fo r  elements not known in  the
standard may be obta ined from the  f i t t e d  curve.
Very re c e n tly , a second se m iq u a n tita tiv e  approach has been suggested 
fo r  LA-ICP-MS (Hager, 1989). Using a therm al model o f the a b la tio n  
process i t  was p o ss ib le  to  e s ta b lis h  equations to  a llo w  c a lc u la t io n  o f 
r e la t iv e  s e n s i t iv i t y  fa c to rs . The la t t e r  were de fin e d  as the r a t io  o f 
an e lem enta l s e n s i t iv i t y  to  th a t  o f an in te rn a l s tandard. I t  was 
p o ss ib le  to  c a lc u la te  these fa c to rs  by de te rm in ing  some parameters 
e xp e rim e n ta lly , such as the r e la t iv e  s e n s i t iv i t y  fa c to rs  in  s o lu tio n  
n e b u lis a t io n . F a ir  agreement was found between c a lc u la te d  and measured 
r e la t iv e  s e n s i t iv i t y  fa c to rs  fo r  la s e r  a b la tio n  o f s te e l,  copper, and 
aluminium, w ith  e ith e r  Q o r N mode pu lses.
This work im p lie s  th a t se m iq u a n tita tiv e  a n a lys is  across the  mass range 
may be po ss ib le  w ith ou t the  use o f e x te rn a l standards. The requirem ent 
fo r  th is  is  e ith e r  knowledge o f one ana ly te  co n ce n tra tio n  and the 
a b la t io n  tem perature (T ^ ), o r two o r more ana ly te  concen tra tions  from
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which the value of can be determined.
As Hager (1989) p o in ts  ou t, such an approach may be ve ry  u s e fu l fo r  
the  ra p id  an a lys is  o f  h igh p u r i t y  and u ltra p u re  m a te ria ls  fo r  which 
m a tr ix  matched standards are not ro u t in e ly  a v a ila b le . A t the  tim e o f 
w r it in g  a p u b lic a tio n  is  be ing prepared re la t in g  to  the  use o f th is  
approach in  se m iq u a n tita tiv e  an a lys is  (Hager, J.W ., m anuscrip t in  
p re p a ra t io n ) .
4 .7 .2  Standard a d d it io n
By ta k in g  subsamples o f a m a tr ix  to  be analysed and adding known 
concen tra tions  o f elements o f in te re s t ,  i t  may be poss ib le  to  
determ ine s e n s i t iv i t ie s  and hence ana ly te  conce n tra tio ns .
In  o rde r to  in v e s tig a te  th is  p o s s ib i l i t y ,  fo u r d r ie d  one gram samples 
o f IAEA V-10 Hay Powder were prepared. F i f t y ,  one hundred, and two 
hundred m ic ro li t r e s  o f a 1000 ug mL-1 s o lu tio n  o f Na, A l,  Cr, Mn, Cu 
and Pb (Specpure AAS standards) were added by p ip e tte  to  the f i r s t  
th re e  samples re s p e c tiv e ly . These were then d r ie d  in  an oven a t 85 C. 
A f te r  b a l l - m i l l in g  fo r  ten m inutes in  a tungsten m i l l ,  each sample was 
pressed in to  fre e -s ta n d in g  p e l le ts .  A 13 mm diam eter s te e l d ie  was 
used a t a fo rce  o f 10 tonnes.
The p e lle ts  were ab la ted  under standard co n d itio n s  us ing  ten  0.3 J N 
mode shots per 30, second f u l l  mass in te g ra t io n .  Mean in te g ra ls  (n=4) 
were determ ined fo r  the fo u r  samples which conta ined a d d it io n a l 
concen tra tions  o f 0, 50, 100, and 200 ug per gram o f the elements
noted above. The abundance co rre c ted  in te g ra l responses fo r  the  added
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concentrations are shown in Figure 62.
The responses increase w ith  co n ce n tra tio n , though data do not co inc ide  
p a r t ic u la r ly  w e ll w ith  the  best f i t  l in e s .  Problems w ith  s o lu tio n  
a d d it io n  a r is e  s ince ana ly te  may be lo s t  to  the w a lls  o f  the  sample 
co n ta in e r, du ring  d ry in g , o r du ring  m i l l in g .  Since the  d i f f i c u l t i e s  o f 
ensuring th a t no s o lu tio n  is  lo s t  d u rin g  the p re p a ra tio n  o f each 
sample are cons iderab le , the  data are to  some e x te n t encouraging.
Disadvantages o f th is  approach in c lud e  the  g re a te r sample mass needed 
and the  g re a te r p repa ra tio n  tim e . In  a d d it io n , q u a n t ita t iv e  re s u lts  
can on ly  be expected where the  added concen tra tions  are in  the range 
o f the a n a ly te . For example, i t  would not be p o ss ib le  to  determ ine 
m ajor le v e ls  by using a d d it io n a l concen tra tions o f a few ng g -1 . On 
the  o the r hand, a p re lim in a ry  scan cou ld  be undertaken to  predeterm ine 
approximate le v e ls  o f elements o f in te r e s t .
This work c e r ta in ly  m e rits  fu r th e r  in v e s t ig a t io n  as an approach to  
c a l ib ra t io n  w ith o u t the use o f s o l id  standards.
4 .7 .3  F u lly  q u a n tita t iv e  a n a lys is
In  th is  work f u l l y  q u a n t ita t iv e  an a lys is  has m a in ly  been used. The 
approach in vo lves  the  use o f an e x te rn a l standard c o n ta in in g  elements 
a t known concen tra tions in  a s im ila r  m a tr ix  to  th a t  be ing  analysed. 
E lem ent-fo r-e lem ent c a lib ra t io n s  based on the  known values in  the 
standard were used. This assumes th a t the e lem enta l s e n s i t iv i t ie s  
determ ined in  the standard are the same as those in  the  samples.
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Concentration (ug g-1. dry weight)
o No + Ai <> Cr A M n  X Cu V Pb
Figure 62: Response versus concentration: a demonstration of the 
feasibility of standard addition in LA-ICP-MS
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Samples and standards were prepared in  the same way, w ith  the same 
percentage by weight o f b inde r where used. Laser and spectrom eter 
co n d itio n s  were kept constant fo r  samples and standards. An in te rn a l 
standard was sometimes used and th is  is  discussed in  Section 4.10.
4.8 Dynamic range
I t  is  c le a r ly  advantageous i f  the concen tra tion  in te r v a l over which 
response increases l in e a r ly  w ith  in c rea s ing  co nce n tra tio n  is  as wide 
as p o s s ib le . A lthough th is  is  ra th e r sim ple to  determ ine 
e xp e rim e n ta lly , la ck  o f standards co n ta in in g  ana ly tes a t known le v e ls  
is  a p ra c t ic a l l im i ta t io n .  F o rtu n a te ly , BGS g e l standards, designated 
the IPO s e rie s , con ta in  a number o f elements a t a range o f 
concen tra tions  from a few to  ten thousand ug g-1 .
Ten samples IPOl to  IP10 were prepared in  the usual manner and ab la ted  
under standard c o n d itio n s . Ten 0.3 J N mode shots were used per 30 
second, f u l l  mass scan. Response-concentration c a lib ra t io n s  are shown 
fo r  the  elements V, Cr, Mn, Co, N i, Ge, Zr and Pb in  F igures 63 to  70. 
The p lo ts  show very good l in e a r i t y  from 1 to  seve ra l thousand ug g -1 . 
At ra th e r  h igh concen tra tions some s a tu ra tio n  o f a p a r t ic u la r  mass can 
occur, lead ing  to  a s l ig h t  downturn in  the c a l ib ra t io n .  Where th is  is  
ev iden t the abso lu te  in te g ra l le v e ls  tend to  be ra th e r  h igh , e .g . Zr 
(F igure 69). A reduc tio n  in  the t o ta l  la s e r energy per in te g ra tio n  
obv ia tes th is  problem. In  th is  respect la s e r energy may be regarded as 
the e qu iva len t o f the d i lu t io n  fa c to r  in  s o lu tio n  n e b u lis a tio n  ICP-MS.
These re s u lts  are very encouraging w ith  regard to  p r a c t ic a l analyses, 
though o the r m atrices may not behave so c o n s is te n tly .  The a n a lys is  o f 
d i f fe r e n t  m atrices is  the sub jec t o f Chapter 5.
150
Re
sp
on
se
 
(C
ou
nt
s 
per
 
in
teg
ra
tio
n)
 
Re
sp
on
se
 
(C
ou
nt
s 
per
 
In
te
gr
at
io
n)
 
(T
ho
us
an
ds
) 
(T
ho
us
an
ds
)
45 
40
35 
30 
25 
20 
15 
10 
5 
0
Figure 63: Response versus concentration for BGS standards of the IPO 
series (Vanadium)
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Figure 64: Response versus concentration for BGS standards of the IPO
series (Chromium)
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Figure 65: Response versus concentration for BGS standards of the IPO 
series (Manganese)
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Figure 66: Response versus concentration for BGS standards of the IPOseries (Cobalt)
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Figure 67: Response versus concentration for BGS standards of the IPO 
series (Nickel)
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Figure 68: Response versus concentration for BGS standards of the IPO
series (Germanium)
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Figure 69: Response versus concentration for BGS standards of the IPO 
series (Zirconium)
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Figure 70: Response versus concentration for BGS standards of the IPO
series (Lead)
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Accuracy re fe rs  to  the closeness o f a determ ined co nce n tra tio n  to  i t s  
tru e  va lue . In  f u l l y  q u a n t ita t iv e  a n a lys is  us ing an e x te rn a l standard
the re  are a number o f sources o f inaccuracy in  the  c a lc u la te d  sample
6
ana ly te  conce n tra tio ns . These d e rive  m ain ly from the  m atrix-dependent 
na ture  o f the  a b la tio n  process, e .g . from  d iffe re n c e s  in  d e n s ity  o r 
laser-sam ple coup ling . M a tr ix  suppression, po lya tom ic o r doub ly- 
charged in te rfe re n c e s  have a lready been mentioned. These depend on the 
m a tr ix  ab la ted  and the system c o n d itio n s .
Inhomogeneity o f elements in  e ith e r  the sample o r the  standard is  a 
d i f f i c u l t y  i f  a co nce n tra tio n  re p re se n ta tive  o f the  bu lk  o f the 
m a te r ia l is  re q u ire d . This is  p a r t ic u la r ly  tru e  o f tra c e  elements 
s ince  the  t o ta l  sample mass ab la ted  is  in  the mg o r sub mg range and 
tra c e  elements may not be d is t r ib u te d  u n ifo rm ly  w ith in  the m a tr ix  o r 
may be associa ted w ith  s p e c if ic  phases. Recommended minimum sample 
masses fo r  the a n a lys is  o f standard b io lo g ic a l m a te r ia ls  are t y p ic a l ly  
100 mg o r more. Despite th is  l im i ta t io n  data re p re s e n ta tiv e  o f the 
b u lk  o f a sample can o fte n  be d e rive d . B a l l - m i l l in g  may help w ith  
regard to  homogeneity, though th is  w i l l  depend on the  s p e c if ic  m a tr ix . 
Rocks may present more problems fo r  example, than le a f  m a te r ia l.  B a ll-  
m i l l in g  may a lso  in trodu ce  contam ination . In  th is  work i t  appeared 
th a t on ly  tungsten was a problem in  th is  regard. An agate b a l l - m i l l  
could be used i f  tungsten was an element o f in te r e s t . I t  is  l i k e ly ,  
however, th a t o the r elements are de rived  from an agate m i l l ,  e .g . 
s i l ic o n .  This would re q u ire  separate in v e s tig a t io n  in  p a r t ic u la r  
cases.
4.9 Sources of inaccuracy
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There are a number o f o the r ways in  which inaccu ra te  re s u lts  may 
a r is e . An element o f in te re s t  may be given as a n o n -c e r t if ie d  va lue in  
the  standard. This is  o fte n  the case i f  standard re fe rence  m a te ria ls  
are used as c a l ib ra t io n  s tandards. Thus a h igh degree o f confidence 
cannot be given to  the  c a l ib ra t io n  conce n tra tio n  and consequently not 
to  the  de rived  co n ce n tra tio n .
Even i f  a c e r t i f ie d  va lue in  the standard is  a v a ila b le  i t  may be a t o r 
near the  d e te c tio n  l im i t  making c a l ib ra t io n  im possib le  o r l i k e ly  to  be 
very in a ccu ra te . S im ila r ly  a c e r t i f ie d  value in  the  standard may be a t 
a m ajor le v e l and hence i t s  in te g ra l may be sa tu ra te d . This is  a 
p a r t ic u la r  problem fo r  m onoisotopic elements where no a lte rn a t iv e  
iso tope  can be used.
In te g ra ls  o f elements in  the  sample may themselves be sa tu ra te d , o r a t 
le v e ls  below the d e te c tio n  l im i t .  Hence q u a li ty  c o n tro l in  
m u ltie lem ent ana lys is  by LA-ICP-MS is  extrem ely im p o rta n t.
In  a d d it io n  to  these c a l ib ra t io n  problems, in te g ra t io n  e rro rs  may
occur. Software, used to  sum the  counts in  each mass peak o cca s io n a lly
in te g ra te s  p a r t o f an ad jacent peak lead ing  to  e rro rs  in  the in te g ra l
ob ta ined. This is  p a r t ic u la r ly  l i k e ly  where near background le v e ls  a t
one mass, border a much la rg e r  peak. A good example o f th is  occurs a t 
80mass 80, the  ArAr+ dim er, in  a b lank spectrum. Only c a re fu l s c ru tin y  
o f the data can p ic k  out such occurrences.
I f  standards are run a t say, the beg inn ing  o f a se t o f analyses, the 
s e n s i t iv i t y  o f the  instrum ent may d r i f t  w ith  tim e le ad ing  to  a
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system atic  e r ro r .  D if fe re n t  types o f in te rn a l s ta n d a rd isa tio n  
procedures can c o rre c t fo r  these and a lso  help improve p re c is io n . Such 
measures are discussed in  the  next s e c tio n .
E a rly  work on the  f e a s ib i l i t y  o f LA-ICP-MS in d ic a te d  th a t cone 
blockage may a r is e  in  the  a n a lys is  o f some m a trices , p o s s ib ly  causing 
s ig n a l d e te r io ra t io n  in  the  an a lys is  o f a batch o f samples (Gray, 
1985b). G enera lly , lower la s e r  energ ies were used in  th is  work and 
cone blockage d id  not appear to  be a serious problem fo r  any o f the 
m atrices analysed.
When a sample is  changed in  the  a b la tio n  c e l l ,  the  va lve  is  c losed 
s e a lin g  the to rc h  from any in f lo w  o f a i r ,  which would e x tin g u is h  the 
plasma. A f te r  a fre sh  sample is  p laced in  the c e l l ,  the  c e l l  housing 
is  resecured to  i t s  base by means o f fo u r wing n u ts . The argon flo w  is  
s t i l l  through the c e l l .  A f te r  a llo w in g  a l i t t l e  tim e fo r  purg ing  the  
system, the  va lve  to  the  plasma is  reopened. I f  any change in  the  flo w  
co n d itio n s  occurred, system atic  e rro rs  would be brought in to  the 
a n a ly s is . Two experiments were undertaken to  in v e s tig a te  th is  
p o s s ib i l i t y .
F i r s t ly ,  an in te g ra t io n  was obta ined when a BGS g e l standard PN1 was 
ab la ted  in  the usual way w ith  10 0.1 J N mode shots per 30 second f u l l  
mass range in te g ra t io n .  The va lve  was opened fo r  a m inute and then 
c losed . A fu r th e r  m inute was a llow ed to  e lapse, then another 
in te g ra t io n  ob ta ined . This procedure was repeated to  g ive  fo u r spectra  
a lto g e th e r . In te g ra ls  a t se lec ted  masses are g iven in  Table 14. L i t t l e  
v a r ia t io n  is  observed in d ic a t in g  th a t the flo w  is  not g re a t ly
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T a b l e  14 : D i s t u r b a n c e  o f  C e n t r a l  C h a n n e l  F low  D u r i n g  
Sam ple  I n t e r c h a n g e  i n  L a s e r  A b l a t i o n  ICP-MS
R e l a t i v e  I n t e g r a l R e s p o n s e
I s o t o p e Time Z e r o 2 m i n u t e s 4 m i n u t e s 6 m i n u t e s
N a (23) 1 . 0 0 0 . 9 7 1 . 1 2 1 . 0 9
Mg(26) 1 . 0 0 0 . 8 6 1 . 2 3 1 . 1 7
A l (27) 1 . 0 0 0 . 9 3 1 . 1 8 1 .1 5
C a (44) 1 . 0 0 0 . 9 6 1 . 3 3 1 . 2 8
Mn(55) 1 . 0 0 0 . 8 0 1 . 3 2 1 . 1 9
F e (57) 1 .0 0 0 . 0 2 1 . 2 3 1 . 1 3
B a (138) 1 . 0 0 1 . 4 7 1 . 4 9 1 . 2 9
C e (140) 1 .0 0 1 . 4 9 1 . 4 7 1 . 0 8
P b ( 208) 1 . 0 0 0 . 7 6 1 . 3 4 1 .0 1
R e s p o n s e s  r e l a t i v e  t o  t h e  f i r s t  i n t e g r a t i o n  a r e  g i v e n  
Ten  0 . 1  J  N mode s h o t s  w e r e  u s e d  p e r  i n t e g r a t i o n  on  BGS g e l  
s t a n d a r d  PN1
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disturbed.
A s im ila r  procedure was fo llo w e d : th is  tim e fo u r in te g ra ls  were taken
in  sequence. The valve was closed and the c e l l  opened. The c e l l  was 
resecured and purged fo r  one m inute . Another fo u r spectra  were then 
obta ined . The mean in te g ra ls  from the  fo u r spectra  ob ta ined  be fo re  and 
a f te r  the  c e l l  was opened are g iven in  Table 15. Again th e re  is  l i t t l e  
evidence o f s ig n if ic a n t  changes in  the  c e l l  f lo w .
4.10 Sources o f v a r ia b i l i t y
P rec is ions  o f the  sample concen tra tions  determ ined depend upon the 
p re c is io n s  o f the sample and the  standard in te g ra ls .  These depend on 
the  re p ro d u c ib i l i t y  o f the la s e r, lo c a l d e n s ity  and r e f l e c t iv i t y  
f lu c tu a t io n s  o f the sample and so on.
I f  a se t o f spectra  o f the  sample are obta ined the  in te g ra l o f a 
s p e c if ic  iso tope  may be taken fo r  in te rn a l s ta n d a rd is a tio n . Between- 
re p lic a te  in te rn a l s ta n d a rd is a tio n  may be exp la ined  as fo llo w s . Let 
the  in te g ra l o f a p a r t ic u la r  iso tope  in  the  f i r s t  r e p lic a te  be F I and 
in  the  o the r th re e  re p lic a te s  be F2, F3 and F4 re s p e c tiv e ly . (The 
t o t a l  number o f re p lic a te s  is  i r r e le v a n t ) . A l l  the  in te g ra ls  o f 
spectrum two are m u lt ip l ie d  by the fa c to r  F1/F2; s im ila r ly ,  the  t h i r d  
se t o f in te g ra ls  are m u lt ip l ie d  by F1/F3, and the  la s t  one by F1/F4. 
This procedure may be fo llo w e d  fo r  the spectra  o f the  sample and the 
standard. The element chosen should be one which is  even ly d is tr ib u te d  
in  a l l  the  m a trice s . I t s  in te g ra ls  should be s u b s ta n tia l bu t not 
sa tu ra te d . Gray (1985b) g e n e ra lly  used Fe fo r  in te rn a l 
s ta n d a rd is a tio n . This element is  w e ll c e r t i f ie d  in  many m a te ria ls  and
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T a b l e  15 : D i s t u r b a n c e  o f  C e n t r a l  C h a n n e l  F low  D u r i n g
Sample  I n t e r c h a n g e  i n  LA-ICP-MS
B e f o r e V a lv e  Movement A f t e r  V a lv e  Movement
I s o t o p e R es p o n s e  (SD) R e s p o n s e  (SD)
N a (23) 306927 (11351) 290816 (18317)
Mg(26) 4476 (277) 4065 (424)
A l (27) 276238 (12074) 259894 (18568)
C a (44) 3314 (357) 2693 (190)
Mn(55) 32839 (1296) 30011 (2357)
F e (57) 21489 (740) 19591 (2142)
B a (138) 1411 (110) 1377 (46)
C e (140) 1432 (327) 1796 (360)
P b (206) 1700 (185) 1948 (217)
R e s p o n s e s g i v e n  a s mean i n t e g r a l s ( n - 4 )  and s t a n d a r d  d e v i a t i o n
Ten 0 . 1  J N mode s h o t s  w e re  u s e d p e r  i n t e g r a t i o n :  t h e  s a m p l e  was
BGS g e l  s t a n d a r d  PN1
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may be determ ined by XRF. I t  is  commonly present a t a few percent in  
many rocks and has 4 iso topes g iv in g  a range o f in te g ra l va lu e s . Thus 
i t  a lso  lends i t s e l f  to  in te rn a l s ta n d a rd isa tio n  between sample and 
standard which is  described below.
I f  a conce n tra tio n  o f an element is  known in  the  sample and the 
standard, the  s e n s i t iv i t ie s  fo r  the  same element can be found in  the 
two m a trice s . Id e a lly  these should be the  same. System atic d iffe re n c e s  
can be reduced by no rm a lis ing  a l l  the  data to  a known con ce n tra tio n . 
The procedure is  as fo llo w s .
Let the  concen tra tions  in  the sample be c a lc u la te d  using the 
s e n s i t iv i t ie s  de rived  from the  standard. Let the  independently 
determ ined co nce n tra tio n  o f a p a r t ic u la r  element in  the  sample be C l. 
F u rth e r, le t  the c a lc u la te d  value o f th is  element in  the  sample be C2. 
A l l  the c a lc u la te d  sample conce n tra tio n  data are m u lt ip l ie d  by the 
fa c to r  C1/C2. I f  the  s e n s i t iv i t ie s  in  the sample and standard are 
c lose  C1/C2 is  approxim ate ly one and in te rn a l s ta n d a rd is a tio n  is  
unnecessary.
This procedure may be c a r r ie d  out w ith  o r w ith ou t b e tw e en -re p lica te  
in te rn a l s ta n d a rd is a tio n . The la t t e r  tends to  improve p re c is io n s  and 
does not re q u ire  independent knowledge o f sample co n ce n tra tio n s .
Between sample and standard in te rn a l s ta n d a rd is a tio n  should improve 
accuracy, bu t removes the  element employed fo r  th is  c a l ib ra t io n  from  
those elements which may be determ ined. The e f fe c t  o f  us ing  these 
procedures in  a c tu a l analyses are i l lu s t r a te d  in  Chapter 5.
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Laser parameters a lso  p la y  a ro le  in  the re p ro d u c ib i l i t y  o f in te g ra ls  
and hence c a lc u la te d  conce n tra tio n  p re c is io n s . In  p a r t ic u la r  m u lt ip le  
low energy la s e r  shots may be expected to  y ie ld  a smoother f lo w  o f 
m a te r ia l to  the  ICP and hence o f ions to  the d e te c to r . In  o rder to  
assess th is  hypothesis two experim ents, each c o n s is tin g  o f two p a rts , 
were undertaken.
The f i r s t  in vo lve d  the  a b la t io n  o f NIST standard re fe rence  m a te r ia l 
362 (s te e l)  by two se ries  o f a b la t io n  regimes. The s te e l sample was 
produced by p ress ing  ch ips in  a sm all d ie . A se rie s  o f spectra  were 
ob ta ined using one, th re e , and ten  N mode shots per in te g ra t io n .  The 
fa s te s t  poss ib le  la s e r f i r i n g  frequency o f 1 Hz was used. Four 30 
second f u l l  mass scans were ob ta ined under each c o n d it io n . The 
experiment was then repeated w ith  0.3 J shots re p la c in g  those o f 
energy 0.1 J.
The whole o f the above sequence was then repeated, th is  tim e using 
Bowen's ka le  (20 % w/w E lv e s ite  2013) as the sample. The p re c is io n s , 
percentage re la t iv e  standard d e v ia tio n s , o f the in te g ra ls  obta ined a t 
a s e le c tio n  o f iso topes across the  mass range are g iven in  Table 16.
L i t t l e  improvement in  the RSD's are observed fo r  e ith e r  m atrices w ith  
in c re a s in g  number o f 0.1 J shots per in te g ra t io n .  However, genera l 
improvements in  p re c is io n s  fo r  both m atrices were observed in  going to  
m u lt ip le  0.3 J shots per in te g ra t io n .  This may re la te  to  the  g re a te r 
r e p r o d u c ib i l i t y  o f h igh energy p u ls e s .
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Table 16 : Reproducibility in LA-ICP-MS
NIST 362 S t e e l
n X 0 . 1  J  n -1  n - 3  n - 1 0  n X 0 . 3  J n -1 n - 3  n - 1 0
I s o t o p e  *RSD %RSD *RSD *RSD %RSD %RSD
N a (23) 39 135 55 52 32 30
Mg(26) 18 62 22 48 25 17
A l (27) 18 11 22 27 19 10
C a (44) 40 16 64 9 40 22
Mn(55) 10 21 7 24 20 3
Fe (57) 14 10. 19 16 15 6
N i (62) 8 26 31 28 20 7
B ow en ' s  K a le
n X 0 , 1  J  n - 1 n - 3 n - 1 0  n X 0 . 3  J n -1 n - 3 n - 1 0
I s o t o p e 56RSD %RSD %RSD %RSD %RSD %RSD
N a (23) 64 41 54 55 76 27
Mg(26) 82 44 32 96 70 22
C a (44) 33 37 44 59 70 22
Mn(55) 44 72 51 120 82 65
F e (57) 35 30 71 66 146 40
R b (85) 71 38 55 59 49 27
S r (88) 51 29 56 95 69 10
5feRSD -  P e r c e n t a g e  r e l a t i v e  s t a n d a r d  d e v i a t i o n
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One o f the  a t tra c t io n s  o f ICP-MS l ie s  in  i t s  a b i l i t y  to  secure 
is o to p ic  da ta . An i l lu s t r a t io n  on ly  o f the p o te n t ia l o f LA-ICP-MS in  
th is  area is  g iven .
The lead iso topes 206, 207 and 208 were examined in  two b io lo g ic a l
m a te r ia ls . NIST Standard Reference M a te r ia l 1572 C itru s  Leaves and 
IAEA C e r t i f ie d  Reference M a te r ia l A-13 Animal Blood were prepared 
w ith  20 % w/w E lv e s ite  2013 in  the  usual manner. A b la tio n  was by 5 0.3 
J N mode shots per one m inute in te g ra t io n .  The mass range covered m/z 
206 to  208 in c lu s iv e .  For each iso tope  the  mean o f fo u r  in te g ra tio n s  
was c a lc u la te d . Blank s u b tra c tio n  was used, the  b lank being a 'g a s ' 
b lank as p re v io u s ly  described.
T yp ica l spectra  are shown in  F igures 71 and 72. The iso tope  ra t io s  fo r  
masses 206/207 and 207/208 are g iven in  Table 17. R e la tiv e  standard 
d e v ia tio n s  are c a lc u la te d  from  the  RSD's o f the  ap p ro p ria te  in te g ra ls .  
Poor p re c is io n s  were ob ta ined since no in te rn a l s ta n d a rd is a tio n  was 
p o s s ib le . P rec is ions  fo r  the animal b lood were cons ide rab ly  poorer 
than fo r  c i t r u s  leaves, p o s s ib ly  due in  p a rt to  the  exact na ture  o f 
each m a tr ix . Though the  coun ting  s ta t is t ic s  were b e t te r  in  the form er, 
s ince i t  conta ined lead a t 13.3 ug g-1 compared to  0.18 ug g-1 in  
animal b lood, in  n e ith e r  case was th is  a s ig n if ic a n t  fa c to r .  Poisson 
s t a t is t ic s  in d ic a te  p re c is io n s  o f < 0.2 % and < 2 % re s p e c tiv e ly .
A s l ig h t ly  w ider mass scan is  shown in  F igure 73. This spectrum was 
obta ined from  the  a b la t io n  o f NIST 1577a Bovine L iv e r  which had been 
prepared in  the  usual manner. Ten 1.4 J N mode shots were used to
4.11 Isotope ratio measurements
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20^Pb in te g ra l = 431362 counts 
T o ta l Pb c e r t i f ie d  a t 13.3 ug g-1
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Figure 71: Lead isotopes in NIST 1572 Citrus Leaves
Figure 72: Lead isotopes in IAEA A-13 Animal Blood
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V*
Table 17 : Lead Isotope Ratios by LA-ICP-MS
M a t e r i a l I s o t o p e  
2 0 6 /2 0 7
R a t i o *
2 0 7 / 2 0 0
NIST 1572 C i t r u s L e a v e s 1 . 1 8  ( 1 1 . 0 ) 0 . 4 1  ( 9 . 8 )
IAEA A-13 Animal B lo o d 1 . 1 4  ( 3 6 . 0 ) 0 . 3 7  ( 3 5 . 1 )
* R a t i o  (% r e l a t i v e  s t a n d a r d  d e v i a t i o n )
R a t i o s  c a l c u l a t e d  f r o m  t h e  mean o f  f o u r  i n t e g r a l s .  F i v e  0 . 3  J  N 
mode s h o t s  u s e d  p e r  i n t e g r a t i o n .  Mass s c a n  f r o m  m /z  206 t o  208 
o n l y .
Figure 73: Mercury and lead isotopes in NIST 1577a Bovine Liver
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o b ta in  a s in g le  one m inute in te g ra t io n .  Isotopes o f Hg, Pb and B i can 
be seen. The f i r s t  two o f these elements were present a t 4 and 135 ng 
g-1 re s p e c tiv e ly . This seems to  im p ly  contam ination  w ith  Hg or 
enhanced s e n s i t iv i t y  due to  i t s  v o l a t i l i t y .  However, lead  is  a lso  a 
v o la t i le  e lem ent.
The lead iso tope  ra t io s ,  206/207 and 207/208, were 1.15 and 0.44 
re s p e c tiv e ly . These are o f the  o rde r expected v iz  1.09 and 0.42 
re s p e c tiv e ly . Levels o f the  mercury iso topes are a lso  rough ly  in  the 
p ro p o rtio n s  expected in  na tu re .
I t  is  a lso  o f in te re s t  th a t fo r  the  a n a lys is  o f IAEA lake  sediment SL- 
1 mentioned in  se c tio n  4.6 above, the  235y/238u was 0.724, i . e .  
v i r t u a l l y  the same as expected in  na ture  (0 .725).
4.12 Summary
A wide range o f fa c to rs  in f lu e n c in g  system performance in  the  a n a lys is  
o f a c tu a l samples by LA-ICP-MS has been h ig h lig h te d . Many o f the 
sources o f e r ro r  and v a r ia b i l i t y  in  c a lc u la te d  concen tra tions  can be 
e a s ily  e lim in a te d , though q u a li ty  c o n tro l is  ra th e r  tim e consuming.
Both f u l l y  q u a n t ita t iv e  and se m iq u a n tita tiv e  analyses are p o s s ib le . 
The form er may in c lu d e  b e tw e en -re p lica te  o r s tandard to  sample 
in te rn a l s ta n d a rd is a tio n , o r bo th . New developments in  the 
se m iq u a n tita tiv e  approach are expected, and may a llo w  standard less 
m u ltie le m e n ta l a n a ly s is .
Levels o f in te r fe r in g  species are reduced in  LA-ICP-MS compared to
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s o lu t io n  n e b u lis a tio n  work. In  p ra c t ic e , d e te c tio n  l im i t s  are s im ila r  
to  those ob ta inab le  by s o lu tio n  n e b u lis a tio n  ICP-MS since d i lu t io n  
fa c to rs  o f a t le a s t 100 are g e n e ra lly  requ ire d  fo r  the la t t e r .
L inea r dynamic range was shown to  extend over a t le a s t fo u r  orders o f 
magnitude. I t  was d i f f i c u l t  to  in v e s tig a te  l in e a r i t y  a t concen tra tions  
below 1 ug g-1 due the la ck  o f a s u ita b le  se t o f s tandards. That 
response increases l in e a r ly  w ith  la s e r energy, was shown in  Chapter 3.
An in d ic a t io n  on ly , o f the p o s s ib i l i t y  o f o b ta in in g  iso tope  r a t io  
measurements was g iven .
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CHAPTER 5
1 69
5.0 APPLICATIONS
5.1 In tro d u c tio n
The e f f ic a c y  o f the use o f LA-ICP-MS in  p a r t ic u la r  a p p lic a tio n s  
depends on the m a tr ix  o f in te re s t  and the requirem ents o f the user. In  
th is  chapter the p o s s ib i l i t y  o f the  ana lys is  o f d ive rse  m a te r ia l 
types is  in v e s tig a te d . In  p a r t ic u la r ,  m u ltie lem ent de te rm ina tions o f 
m eta ls, g e o lo g ic a l and b io lo g ic a l m a te ria ls  are g iven . M etals are an 
obvious s ta r t in g  p o in t because o f t h e ir  r e la t iv e  homogeneity and ease 
o f a b la t io n . The ana lys is  o f rocks, s o i ls  and sediments is  less 
s t ra ig h t  forw ard due to  the heterogeneous nature o f these m a te r ia ls . 
Data on the e lem ental com position o f b io lo g ic a l m a te ria ls  are o f 
cons iderab le  importance to  in v e s tig a to rs  working in  m edicine, botany, 
n u t r i t io n  and a l l ie d  d is c ip l in e s .  A number o f d isp a ra te  b io lo g ic a l 
m a trices , in c lu d in g  le a f  m a te r ia l,  body t is s u e , and m ilk  powder, have 
been analysed in  th is  work. Methods and a n a ly t ic a l re s u lts  are 
repo rte d . Some in te r  and in t r a - a n a ly t ic a l comparisons are made.
The in te n t io n  has been to  develop a n a ly t ic a l p ro to c o ls  fo r  the 
q u a n tita t iv e  a n a lys is  o f the  d i f fe r e n t  m a tr ic e s . Thus e le m e n t-fo r- 
element c a lib ra t io n s ,  t y p ic a l ly  based on c e r t i f ie d  values in  a m a tr ix -  
matched standard, have m ain ly been used. This helps reduce 
com p lica ting  fa c to rs , such as poor confidence in  the  concen tra tions 
used fo r  c a l ib ra t io n  and in  the assessment o f a n a ly t ic a l re s u lts .
5.2 A na lys is  o f metals
5 .2 .1  In tro d u c tio n
As noted above, m etals are a lo g ic a l s ta r t in g  p o in t in  technique 
development fo r  LA-ICP-MS. In  a d d it io n , m etals are d i f f i c u l t  to
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analyse by conventiona l pneumatic n e b u lis a tio n  ICP-MS since hazardous 
h igh-tem pera ture  d is s o lu t io n  methods using acids such as conc. HNO^  
and HC1 are re q u ire d . A n a ly t ic a l problems are a lso  encountered w ith  
suppression, oxide in te r fe re n c e s , and an extreme concen tra tion  range 
(trace  to  per c e n t) . For example m a tr ix  e f fe c ts  due to  iro n  
ne ce ss ita te  the  use o f in te rn a l standards in  the  a n a lys is  o f s te e ls  
(Vaughan & H o r lic k , 1989). A lso , in  the ana lys is  o f n icke l-based  
a llo y s  a number o f oxides have been found to  l i e  a t masses o f in te re s t  
v iz  53CrO+ on 69Ga; 59CoO+ on 75As; 94MoO+ on 112Cd (Mcleod e t a l . ,
1986). The a l lu re  o f LA-ICP-MS is  thus a strong one.
5 .2 .2  Previous work
A number o f m etal standards are a v a ila b le  and some data on these has 
a lready been pub lished . Table 18 shows repo rted  concen tra tions 
determ ined in  NIST low a l lo y  s te e l 664 by LA-ICP-MS. The data o f Paul 
and Vo lkopf (1989), obta ined using the Perkin-E lm er Sciex Laser 
Sampler Model 320, shows p a r t ic u la r ly  good agreement w ith  the 
c e r t i f ie d  va lues. The accuracy is  m ainta ined across the  whole mass 
range w ith  the poss ib le  excep tion  o f vanadium. The la t t e r  appears 
e leva ted , as determ ined by both groups, p o s s ib ly  im p ly ing  an
in te r fe re n c e  a t mass 51.
5 .2 .3  This work
Concentrations o f se lec ted  elements in  fo u r n icke l-base d  a llo y s  were 
determ ined by LA-ICP-MS and compared to  those obta ined on the same
system by W illia m s . The la t t e r  have been presented elsewhere (W illiam s 
e t a l . ,  1989).
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By L a s e r  A b l a t i o n  ICP-MS
Table 18 : Analysis of NIST Low Alloy Steel 664
E l a m e n t P a u l  & V o lk o p f  (1989) Tye & B a r r e t t  (1988) C e r t . @
B 115 - 110
Al 113 - 80
V 1210 1300 1060
Cr 650 479 660
Cu 2260 1728 2500
Zn 21 - 10*
As 515 521 520
Z r 700 - 690
Mo 5150 - 4900
Ag 0 .1 5 0 . 2 0 0 .2 *
Sb 345 262 350
Te 1 .7 1 .7 1 2*
La 0 .6 5 - 0 .7 *
Ce 2 .9 1 . 4 2 .5 *
P r 0 . 2 2 - 0 .3 *
Nd 1 .1 0 .9 9 1 .2*
Ta 1100 - 1100
W 1120 1266 1020
Pb 240 - 240*
Bi 6 . 3 - 8*
A l l  c o n c e n t r a t i o n s  i n  ug g - 1 .
@ C e r t i f i e d :  n o n - c e r t i f i e d  v a l u e s  m a rked  w i t h  *
B o th  a n a l y s e s  u s e d  Nd:YAG l a s e r s .  T h a t  o f  Tye & B a r r e t t  u s e d  
a s i n g l e  400 mJ N'mode s h o t  p e r  i n t e g r a t i o n .
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897, 898 and 899. No sample p re p a ra tio n  was re q u ire d  except p ress ing
the  ch ips in to  fre e s ta n d in g  p e l le ts .  The data were c a lc u la te d  -from 
the  e lem enta l concen tra tions  c e r t i f ie d  in  BCS n ic k e l a l lo y  345. In  
t h is  work and th a t  o f W illia m s , m u lt ip le  0.1 J fre e -ru n n in g  shots were 
used per in te g ra t io n .  M u lt ip le  low energy shots (0.1 J) m ight be 
expected to  g ive  g re a te r r e p ro d u c ib i l i t y  since a ve ry  ra p id  ra te  o f 
a r r iv a l  o f ions a t the  d e te c to r is  produced by h igh  energy pulses (1.0 
J ) . Such ra te s  o f a r r iv a l  o f ions a t the  d e te c to r can lead  to  coun ting  
e rro rs  due to  the increased deadtime associa ted  w ith  h igh ion
c u rre n ts , though i f  not too  severe these can be co rre c ted . In
a d d it io n , as noted p re v io u s ly , ra p id  changes in  the ra te  o f incoming
ions compared to  the mass scan tim e can lead to  un rep resen ta tive
in te g ra ls .  Moreover, la rg e  la s e r pulses cause g re a te r p h ys ica l
d is tu rbance  o f the plasma, as observa tion  o f the  in t e r io r  o f the
expansion chamber shows. Hence fo r  q u a n t ita t iv e  analyses m u lt ip le
shots are p re fe ra b le .
C a lcu la ted  concen tra tions  fo r  the fo u r  a llo y s  are g iven in  Table 19. 
F a ir  agreement is  ob ta ined between the two analyses and the 
in fo rm a tio n  va lues. No in te rn a l s ta n d a rd is a tio n  appears necessary. 
Blank s u b tra c tio n  using a gas b lank was employed in  th is  work, as i t  
was fo r  a l l  the a p p lic a tio n s  given in  th is  chap te r. The determ ined 
values range from a few hundred ug g-1 to  a few pe rcen t.
Since the  two LA-ICP-MS analyses, th is  work and th a t o f W illia m s , were 
undertaken severa l months ap a rt, i t  is  c le a r  th a t  repeated 
de te rm ina tions  are re p roduc ib le  to  a f a i r  degree. The d iffe re n c e
The alloys analysed were British Chemical Standard (BCS) 346, NIST
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T a b l e  19 : A n a l y s i s  o f  N i c k e l  A l l o y s  by LA-ICP-MS
( A l l  c o n c e n t r a t i o n s  i n  %)
E le m e n t BCS N i c k e l  A l l o y  346 NIST N i c k e l  A l l o y  897
T h i s
Work©
L i t . * C e r t * * T h i s
Work
L i t  C e r t
B 0 . 0 2 0 . 0 4 - 0 . 0 4 0 . 0 1 0 . 0 1
Al 6 . 4 2 6 . 9 3 5 . 5 2 .3 1 2 . 3 7 2 . 0 0
Ti 6 . 9 1 6 . 3 2 5 2 . 5 3 2 . 4 3 2 . 0 0
V 1 .2 5 1 . 2 4 1 - - -
Cr 1 0 .9 1 0 . 8 10 1 0 . 8 1 0 . 3 1 2 . 0
Co 1 6 . 3 1 5 . 9 15 1 1 . 3 1 1 . 8 8 . 5
Zr 0 . 0 5 0 . 0 7 - 0 . 1 0 0 . 0 9 0 . 1 0
Mo 3 . 9 4 4 . 4 7 3 2 .1 1 2 . 1 1 -
E l e m e n t NIST N i c k e l  A l l o y .  898 NIST N i c k e l  A l l o y  899
T h i s
Work
L i t . C e r t . T h i s
Work
L i t C e r t
B 0 . 0 2 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1
Al 2 . 3 3 2 . 4 6 2 . 0 0 1 .9 6 2 .4 1 2 . 0 0
Ti 2 . 3 8 2 . 6 9 2 . 0 0 2 . 0 4 2 . 5 2 2 . 0 0
V - - - - - -
Cr 1 0 .4 1 0 . 3 1 2 . 0 8 . 7 1 0 . 7 1 2 . 0
Co 1 0 .9 1 3 . 0 8 . 5 9 . 8 1 2 .6 8 . 5
Zr 0 . 0 9 0 . 1 3 0 . 1 0 0 . 1 0 0 . 1 2 0.  10
Mo 1 .9 5 2 . 7 8 - 1 . 7 9 2 . 4 5 --
© E l e m e n t - f o r - e l e r a e n t  c a l i b r a t i o n  b a s e d  on BCS n i c k e l  a l l o y  3 4 5 .  
Ten 0 .1  J  N mode s h o t s  p e r  i n t e g r a t i o n  ( n - 4 ) .
* L i t e r a t u r e  v a l u e ,  a s  r e p o r t e d  by W i l l i a m s  a l ,  1 9 8 9 . 
C a l i b r a t i o n  b a s e d  on BCS n i c k e l  a l l o y  3 4 5 j 25 0 . 1  J  N mode s h o t s  
u s e d  p e r  i n t e g r a t i o n  ( n - 5 )
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between the  de rived  concen tra tions  is  t y p ic a l ly  on ly  a few pe rcen t. 
U n fo rtu n a te ly  the  " c e r t i f ie d "  values are o f unknown accuracy as they 
are g iven fo r  in fo rm a tio n  on ly  (no p re c is io n s  are q u o te d ).
Many elements are c e r t i f ie d  in  NIST S tee l SRM's 361 and 362. 
C oncentra tions in  the  la t t e r  were determ ined by an e lem en t-fo r-e lem en t 
c a l ib ra t io n  based on the  form er (Table 20). Twenty fre e -ru n n in g  
shots, each o f about 0.2 J, were used per t h i r t y  second in te g ra t io n  
(n=4) .
Of the  c e r t i f ie d  elements in  the  c a l ib ra t io n  standard o n ly  boron and
ca lc ium  are not repo rte d . Boron showed poor s e n s i t iv i t y  and h igh
40v a r ia b i l i t y  between in te g ra t io n s . The Ca+ s ig n a l cannot be used (due
40 44to  the  presence o f Ar+) and so th a t from Ca+ is  u s u a lly  employed
in s te a d . However, th is  is  on ly  a 2.06 % abundant iso to p e , and the
c e r t i f ie d  value o f ca lc ium  in  the  standard is  on ly  1 ug g -1 . So the re
is  in s u f f ic ie n t  s e n s i t iv i t y  in  these circum stances and th e re fo re
ca lc ium  is  not repo rted .
Carbon was used as an in te rn a l standard between the  standard and the 
sample. C oncentra tions were taken from the c e r t i f i c a te  o f a n a ly s is . 
This is  po ss ib le  i f ,  as in  th is  case, the re  is  s u f f ic ie n t  carbon to  
produce s ig n a ls  w e ll above background. In te rn a l s ta n d a rd is a tio n  
increases the de rive d  concen tra tions  by about 70 % thus g re a t ly
in c re a s in g  the  accuracy. Thus the re  e x is ts  a system atic  d iffe re n c e  in  
the  s e n s i t iv i t ie s  ob ta ined fo r  elements in  the  two s te e ls .  There are, 
however, no obvious d iffe re n c e s  in  co lo u r, surface  f in is h  o r d e n s ity  
which account fo r  t h i s .
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TABLE 20. CONCENTRATIONS! DETERMINED IN NIST SRM 362
BY LA-ICP-MS
Element m/z* LA-ICP-MS 
This work
Certified Value
C 12 INT 1600
Mg 24 7.5 rb 1.6 6.8
Al 27 801 ±  124 950
Si 28 4222 ±  727 3900
P 31 338 ±  160 410
S 32 190 rb 67 360
Ti 48 629 db 144 840
V 51 329 rb 59 400
Cr 53 4926 db 653 3000
Mn 55 12834 ±  2075 10400
Co 59 2009 rb 255 3000
Ni 62 6602 rfc 946 5900
Cu 63 5139 dr 1341 5000
As 75 831 dt 111 920
Zr 90 1639 rb 425 1900
Nb 93 3325 dt 626 2900
Mo 98 773 ±  135 680
Ag 107 16.5 dr 4.6 11
Sn 118 264 d: 54 160
Sb 121 87 rb 49 130
Ce 140 18.5 ±  7.2 19
Nd 143 5.9 dr 2.5 7.5
Ta 181 1372 dr 220 2000
W 182 1676 rb 224 2000
Pb 208 2.0 dr 0.5 4.8
t Mean ±  Standard deviation, (n=4) pg g"1
* Isotope employed for calculation of concentrations
INT Element used for internal standardisation between means of sample and 
standard
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The va lue determ ined fo r  su lphur is  much less  than the  c e r t i f ie d
32va lue . Mass 32 s u ffe rs  from an in te r fe re n c e  v iz  02+, though b lank 
s u b tra c tio n  should account fo r  t h is .  I t  may a lso  be noted th a t 
su lphu r, which is  ra th e r  v o la t i le ,  is  estim ated to  be o n ly  17.1 %
io n is e d  in  the ICP (Houk, 1981). Of the  o the r elements showing poor 
agreement w ith  accepted values tan ta lum  and lead have ra th e r  h igh  and 
low b o i l in g  p o in ts  re s p e c tiv e ly . Increased lead s e n s i t iv i t y  r e la t iv e  
to  o th e r elements m ight be expected, but does not present any 
d i f f i c u l t y  as long as the  same enhancement is  seen in  the  standard. 
However, such e f fe c ts  may a lso  be conce n tra tio n  dependent, p o s s ib ly
le ad ing  to  poor c a l ib ra t io n s .  Despite  such p o s s ib i l i t ie s  h a l f  o f the 
c a lc u la te d  values are w ith in  one standard d e v ia tio n  o f the  re le v a n t 
c e r t i f ie d  va lue . P rec is ion s  are around 20 % RSD, and these may be 
improved by between re p lic a te  in te rn a l s ta n d a rd is a tio n  as w i l l  be
shown la te r .  Apart from  the need fo r  in te rn a l s ta n d a rd is a tio n , no 
system atic  b iases o r s u b s ta n tia l in te rfe re n c e s  are apparent.
I t  can be seen th a t  LA-ICP-MS can be u s e fu l fo r  the  an a lys is  o f 
m eta ls , and th a t many o f the  problems encountered in  s o lu tio n  
n e b u lis a t io n  are obv ia ted  by th is  techn ique.
5.3 G eo log ica l m a te ria ls
5 .3 .1  S il ic a te s
5 .3 .1 .1  In tro d u c tio n
The use o f la s e r  source mass spectrom etry and LA-ICP-OES fo r  the
a n a lys is  o f g e o lo g ic a l m a te ria ls  was noted in  Chapter 1 (S co tt e t a l . ,  
1971; Thompson & Hale, 1984). Such a p p lic a tio n s  drew a t te n t io n  to  the
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d i f f i c u l t y  o f us ing w e ll-c h a ra c te r is e d  but heterogeneous standard 
m a te r ia ls  fo r  c a l ib ra t io n  and le d  to  attem pts to  produce more 
homogeneous fus ions  and pressed p e l le ts .  In  view o f t h is ,  powdered 
sample on adhesive tape, fu s io n s , and pressed p e l le ts  were t r ie d  in  
t h is  in v e s t ig a t io n  o f the  m u ltie lem en ta1 ana lys is  o f s i l ic a te s .
5 .3 .1 .2  Method
The fo llo w in g  standards were used: U n ited  S tates G eo log ica l Survey
(U.S.G.S.) G-2 (g ra n ite ) ;  STM-1 (nepheline s y e n ite ) ;  SDC-1 (mica
s c h is t ) ;  MAG-1 (marine mud); SCo-1 (cody shale) and South A fr ic a n  
Reference M a te r ia l (SARM) NIM-G (g ra n ite ) ; NIM-S (s y e n ite ) . The th ree  
p re p a ra tio n  procedures are described below.
(a) A few mg o f each powdered rock was p laced on doub le -s ided 
adhesive tape and the excess m a te r ia l g e n tly  shaken o f f .  The tape was 
then a ttached to  a p iece o f PTFE p r io r  to  a b la t io n .
(b) L ith iu m  te tra b o ra te  beads were produced by fu s in g  powdered rock a t 
1100 C. Each specimen was d i lu te d  by a fa c to r  o f 11. These fus ions 
were prepared by BP a t th e ir  research la b o ra to r ie s  a t Sunbury-on- 
Thames.
o
(c) M a te r ia l to  be p e lle t is e d ,  was f i r s t  d r ie d  in  an oven a t 105 C fo r  
24 hours. For each rock 0.5 g o f the  d r ie d  m a te r ia l was mixed w ith  0.5 
g o f a carbonaceous b inde r (E lv e s ite  2013) in  a tungsten b a l l  m i l l  fo r  
ten  m iriu tes. F reestanding p e l le ts  o f d iam eter 13 mm were obta ined by 
p ress ing  the  m ille d  m ix tu re  to  10 tonnes in  a s te e l d ie .
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F ree-runn ing  shots were used to  a b la te  the specimens and standard 
o pe ra ting  c o n d itio n s  were employed. S ing le  0.3 J N mode shots were 
used fo r  the powdered samples on tape. F ive 1.0 J N mode shots were 
employed on the  fu s io n s . A na lys is  i f  the  p e l le ts  in v o lv e d  the  use o f 
f iv e  0.4 J N mode shots per in te g ra t io n .
5 .3 .1 .3 . R esu lts /D iscuss ion
Spectra cou ld  be obta ined from the  specimens on tape w ith  s in g le  la s e r  
sho ts . However, consecutive spectra  were in c o n s is te n t,  p robab ly  due to  
the  d i f fe r e n t  mass o f m a te r ia l ab la ted  on each occasion. C e rta in ly  
t h is  method may be successfu l fo r  q u a li ta t iv e  a n a ly s is . More 
re p ro d u c ib le  re s u lts  m ight be ob ta ined i f  a r e l ia b le  method o f 
a tta c h in g  the  powder to  the  tape was devised. The sm a ll mass sampled 
would s t i l l  p robab ly  lead to  inaccu rac ies  i f  b u lk  a n a lys is  o f 
heterogeneous m a te ria ls  was de s ire d . F igure  74 shows the  spectrum 
ob ta ined by the a b la t io n  o f powder o f U.S.G.S. G-2 mounted on tape . A 
s in g le  0.3 J N mode shot was used and the  ab la ted  mass is  estim ated a t 
50 ug .
Poor laser-sam ple coup ling , even w ith  h igh energy pu lses, lead to  low, 
e r r a t ic  in te g ra ls  when the  fus ion s  were ab la ted . The h ighe r power 
d e n s it ie s  ob ta inab le  by the  use o f the  Q -sw itch mode m ight be expected 
to  y ie ld  b e t te r  r e s u lt s . This was not borne out here and memory 
e f fe c ts ,  h a rd ly  ever seen when N mode shots are used, were g re a t ly  
increased. Q mode pulses cause a considerab le  p h y s ic a l d is tu rbance  o f 
the gas in  the  a b la t io n  chamber and th is  ra p id  expansion is  
tra n s m itte d  to  the  to rc h  and plasma i t s e l f .  This may d is lod ge  m a te r ia l 
from  the  c e l l  and tube w a lls  le ad ing  to  the  increase in  background
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An attem pt to  increase laser-sam ple coup ling  by abrad ing the  surface 
o f the  fus ion s  w ith  carborundum powder a lso  proved unsuccessfu l. 
S im ila r ly ,  m u lt ip le  shots f i r e d  a t the  same s i te  on the  surface 
produced no s ig n if ic a n t  increase in  s ig n a l.
S p u tte r coa tin g  o f the  fus ions  w ith  g ra p h ite  is  a fu r th e r  p o s s ib i l i t y  
worth in v e s tig a t io n .  In  a d d it io n , a sm a lle r d i lu t io n  fa c to r  than th a t 
used here should increase s e n s i t iv i t y .
The p e l le t is e d  samples gave q u a n t if ia b le  re s u lts .  Four f u l l  mass scans 
were ob ta ined fo r  each rock . The mean in te g ra ls  ob ta ined  showed th a t 
response increased l in e a r ly  w ith  in c re a s in g  co n ce n tra tio n . However, 
the  d e v ia tio n  o f p a r t ic u la r  p o in ts  from the  best f i t  l in e  was 
considerab le  in  p a r t ic u la r  in s tan ces . This is  i l lu s t r a te d  in  F igures 
75 and 76 which show in te g ra l resppnse as a fu n c tio n  o f conce n tra tio n  
fo r  T i and Fe re s p e c tiv e ly . Some p o in ts , e .g . fo r  SCo-1 fo r  T i,  show 
a d e v ia tio n  from the  l in e  which is  u n l ik e ly  to  be because o f g rea t 
im p rec is ion  in  the  measured o r c e r t i f ie d  va lues.
P rec is ion s  o f the c e r t i f ie d  values o f many elements are no t g iven on 
the  c e r t i f ic a te s  o f a n a ly s is . Of those a v a ila b le , fo r  example fo r  NIM- 
G and NIM-S, i t  appears th a t  the  95 % confidence l im i t s  are t y p ic a l ly  
in  the  range 3 to  10 %. P rec is ion s  in  th is  work were t y p ic a l ly  less 
than 5 %. I t  may be noted th a t since n=4, the  standard d e v ia tio n  is  
v i r t u a l l y  id e n t ic a l to  the  95 % confidence l im i t  in  t h is  case. Thus 
the  d e v ia tio n s  from the  best l in e  may be caused by inhom ogeneities due
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Figure 75: Response versus concentration forTi in silicates
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to  in s u f f ic ie n t  m ix ing  o f the sample and b in d e r. Since the  rocks were 
a l l  s i l ic a te s  o f s im ila r  m a tr ix , and co lou r, the re  were no o the r 
obvious system atic  d iffe re n c e s  which m ight account fo r  these 
d e v ia t io n s .
D espite  these d i f f i c u l t i e s  i t  was p o ss ib le  to  determ ine the  
co nce n tra tio n  o f a number o f elements in  U.S.G.S. G-2 using 
c a lib ra t io n s  based on the  rem aining s i l ic a te s  and w ith o u t the  use o f 
in te rn a l s ta n d a rd is a tio n . For example, c e r t i f ie d  and c a lc u la te d  values 
were: fo r  V 36 and 46; fo r  Fe 2.69 and 3.39; fo r  Cu 11 and 12; fo r  Zn
84 and 83. Concentrations are in  ug g-1 d ry  w e igh t. Those fo r  T i and 
Fe are as w/w % (T i02) and (Fe203) . Thus the  f e a s ib i l i t y  o f th is
approach to  the  a n a lys is  o f s i l ic a te s  is  i l lu s t r a te d .
In  p ra c t ic e , however, even i f  such a se t o f standards is  a v a ila b le  
th is  approach is  tim e consuming and necess ita tes  the  use o f many
expensive re fe rence m a te r ia ls . More d e ta ile d  re s u lts  were th e re fo re  
ob ta ined by another method.
The a lte rn a t iv e  approach is  s im p ly  to  use U.S.G.S. G-2 as a standard
to  c a lib ra te  the  o the r s i l ic a te s .  G-2 is  w e ll ch a ra c te rise d  and on ly
c e r t i f ie d  values were used (Govindaraju, 1984). U n fo rtu n a te ly  no
p re c is io n s  were g iven , in  th is  work, fo r  the  c e r t i f ie d  va lues.
57E lem ent-fo r-e lem ent c a l ib ra t io n  using Fe as an in te rn a l standard 
a llow ed the de te rm ina tion  o f 26 elements : L i ,  P, Ca, Sc, T i,  V, Cr,
Mn, N i, Co, Cu, Zn, Ga, Rb, Sr, Y, Zr, Cs, Ba, La, Ce, Sm, Dy, Pb, Th, 
and U. In te g ra ls  o f m ajor elements such as Na, A l and K were sa tu ra te d  
under the  a b la tio n  co n d itio n s  used. C h lo rine  is  p o o rly  io n is e d  in  the
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re s p e c tiv e ly  in  G-2. Consequently, these elements are not repo rted . 
Note a lso  th a t f lu o r in e  cannot be determ ined by ICP-MS ( i t s  io n is a t io n  
p o te n t ia l is  g re a te r than th a t o f a rg o n ).
F igures 77 to  82 show the  base 10 lo g a rith m  o f the  LA-ICP-MS de rive d  
concen tra tions  aga ins t the  lo g a rith m  o f the c e r t i f ie d  va lues. A l l  
concen tra tions  are in  ug g -1 , d ry  w e igh t. For some elements in  
p a r t ic u la r  m atrices no c e r t i f ie d  va lue is  a v a ila b le  and thus no p o in t 
can be p lo t te d .  As fa r  as is  po ss ib le  w ith o u t overcrowding the 
f ig u re s ,  each p o in t is  la b e lle d .
Only good s e m iq u a n tita tive  were obta ined desp ite  the  use o f in te rn a l 
s ta n d a rd is a tio n . The g re a te s t d e v ia tio n s  from the expected p o s it io n s  
occurred a t lower concen tra tions  where coun ting  s ta t is t ic s  were 
poo re r. Percentage r e la t iv e  standard d e v ia tio n s  in  the  c a lc u la te d  
concen tra tions  were t y p ic a l ly  in  the  range 3-20 %. So some o f the 
p re c is io n s  were comparable and some in fe r io r  to  those quoted above fo r  
NIM-G and NIM-S.
Samarium, which was c a lc u la te d  from the  in te g ra ls  o f mass 152 
(abundance 26.72 %) appears c o n s is te n tly  low. This is  u n l ik e ly  to  be 
due to  the gadolin ium  is o b a r ic  overlap  a t th is  mass (0.2 %) since
gado lin ium  le v e ls  are comparable in  a l l  o f the  ro c k s .
A lthough a l l  o f the  concen tra tions  used fo r  c a l ib ra t io n  are 
c e r t i f ie d ,  th is  is  not t ru e  o f those w ith  which the  la s e r  a b la tio n  
data are compared. Hence some o f the  d e v ia tio n s  in  the  data p o in ts  may
ICP (0.9 %), Lu and Bi are present at only 0.1 and 0.043 ug g-1
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Figure 77: LA-ICP-MS versus certified values for U.S.G.S. STM-1
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be due to this.
There is  l i t t l e  l i t e r a tu r e  on g e o lo g ica l ana lys is  by LA-ICP-MS w ith  
which to  compare a n a ly t ic a l performance. The genera l advantages and 
f e a s ib i l i t y  o f such analyses were g iven by Gray (1985b) and in  some 
d e ta i l  by M ochizuki e t ad. (1988b). The la t t e r  study d e a lt 
s p e c i f ic a l ly  w ith  s i l ic a te s ,  as w e ll as m eta ls, bu t no c a lc u la te d  
concen tra tions were presented. P rec is ions  fo r  the  ra re  e a rth  elements, 
Th and U were in  the range 2.41 to  10.6 % RSD when an in te rn a l 
standard was used. W ithout in te rn a l s ta n d a rd isa tio n  p re c is io n s  were 
about th re e  tim es h ighe r, cons ide rab ly  worse than in  t h is  work.
A recent sho rt re p o rt by Darke e t a l .  (1989) described the  p re p a ra tio n  
o f p e l le ts  o f va rious geochemical re fe rence samples in  the  SARM se rie s  
fo r  ana lys is  by LA-ICP OES and MS. The rock m a te ria ls  were f i r s t  mixed 
w ith  a 1 % (m/v) s o lu tio n  o f Mowiol (p o ly v in y l a lco h o l, Hoechst UK
J
L td . ,  Hounslow, M idd lesex), fo llow e d  by d ry in g  an p ress ing  to  ten 
to n s . The advantage o f such a procedure is  th a t in te rn a l standards may 
be added a t the s o lu tio n  stage. Data on the LA-ICP-MS analyses were 
re s t r ic te d  to  showing th a t in te g ra l response c o rre la te d  w e ll w ith  
conce n tra tio n  fo r  c e r t i f ie d  ra re  e a rth  elements in  SARM 1 (South 
A fr ic a n  Bureau o f Standards, P re to r ia , RSA).
D eterm inations o f ra re  e a rth  elements and y t tr iu m  in  rocks by s o lu tio n  
n e b u lis a tio n  ICP-MS have been reported  (J a rv is , 1988) . Agreement w ith  
data from o the r techniques was e x c e lle n t and p re c is io n s  fo r  NIM-G 
around 3 %. For NIM-S p re c is io n s  were ra th e r poorer a t about 20 %.
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I t  appears th a t  w h ile  the  accuracy o f the  LA-ICP-MS data repo rte d  here 
does not match th a t ob ta inab le  by s o lu tio n  n e b u lis a t io n  ICP-MS, 
p re c is io n s  may be comparable fo r  p a r t ic u la r  m a trice s . In  a d d it io n , a 
ra th e r  wide e lem enta l coverage was p o ss ib le  by the  use o f a w e ll-  
ch a ra c te rise d  standard. Furtherm ore, a time-consum ing HF-HC104 d ig e s t 
was re q u ire d  to  produce the  s o lu tio n s  fo r  in tro d u c tio n  by pneumatic 
n e b u lis a t io n . Indeed, in  the  case o f NIM-S a c a tio n  exchange process 
was a lso  employed.
5 .3 .2  Chinese rocks, s o i ls  and sediments
5 .3 .2 .1  In tro d u c tio n
The In s t i t u te  o f Geophysical and Geochemical P rospecting  in  China has 
produced a number o f Geochemical Standard Reference M a te r ia ls  s ince 
1981. Amongst these are rocks (GSR-1 to  GSR-6), s o i ls  (GSS-1 to  GSS-8) 
and sediments (GSD-1 to  GSD-12). C e r t i f ie d  values are a v a ila b le  fo r  
GSD-1 to  GSD-8, and the o thers have been w e ll ch a ra c te rise d  by INAA 
(Song et, a l . ,  1987) .
5 .3 .2 .2  Method
Some samples from each o f these se rie s  were a v a ila b le  and have been 
analysed by LA-ICP-MS. P repa ra tion  was s im p lif ie d  from th a t used fo r  
the  s i l ic a te s ^ In  th a t case the  use o f 50 % w/w b inde r p o s s ib ly  meant 
th a t  the  f in a l  powder was not s u f f ic ie n t ly  w e ll-m ixe d  to  a llow  
accurate analyses. In  t h is  work the  samples were no t prepared except 
f o r  d ry in g  and p ress ing  in  a s te e l d ie  to  form  fre e s ta n d in g  p e l le ts .
For the  ana lys is  o f rocks and s o i ls  f iv e  0.1 J N mode shots were used 
per 30 second, f u l l  mass range in te g ra t io n .  For the  sediments ten  0.1
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J N mode shots were employed per integration.
C a lib ra tio n s  were e lem ent-fo r-e lem ent based on an e x te rn a l standard. 
No in te rn a l s ta n d a rd isa tio n  was found to  be necessary. The rocks GSR- 
3, GSR-4 and GSR-6 were c a lib ra te d  aga ins t the  concen tra tions  o f GSR-1 
as determ ined by INAA. Sediments GSD-2 to  GSD-12 were c a lib ra te d  
aga ins t the c e r t i f ie d  values o f IAEA S o il-5 .  F in a l ly ,  s o i ls  GSS-2 to  
GSS-8 were c a lib ra te d  aga ins t the  INAA values o f GSS-1.
5 .3 .2 .3  R esu lts /D iscuss ion
P lo ts  o f the lo g a rith m  o f the LA-ICP-MS values versus the  lo g a rith m  o f 
the  corresponding conce n tra tio n  determ ined by INAA are g iven in  
F igures 83 to  85. The same se t o f elements are repo rte d  fo r  a l l  o f the 
rocks and s o i ls  v iz  : Na, Mg, A l,  K, Ca, Sc, T i,  V, Cr, Mn, Fe, Co,
As, Rb, Sb, Cs, Ba, La, Ce, Nd, Sm, Eu, Dy, Yb, H f, W, Th, U. The 
p o in ts  l i e  along the 45 degree l in e  as expected, though the re  is  
cons iderab le  d e v ia tio n  fo r  some elements. Standard d e v ia tio n s  o f the 
NAA data were t y p ic a l ly  3-12 %. On th is  basis the s c a tte r  o f the 
p o in ts  is  not p r im a r ily  due to  im p rec is ion  o f the  NAA da ta ; though the 
accuracy o f the  la t t e r  is  unknown.
Agreement o f the  chromium values is  p a r t ic u la r ly  poor. This cou ld  be
52due to  an in te r fe re n c e  such as ArC+, the reduced s e n s i t iv i t y  a t 
53Cr+ does not p rov ide  a c le a r  co n firm a tio n  o f t h is .  The INAA data 
cou ld  be inaccu ra te  fo r  th is  element, but a c o rre c tio n  has been made
1 47fo r  the  Nd (319.4 keV) in te r fe re n c e  (Song e t a l.., 1987).
The sediment data are presented in  a s im ila r  manner to  th a t o f the
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Figure 83: LA-ICP-MS versus NAA values for Chinese Reference Rock 
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ro c k s . For sediments GSD-2 to  GSD-8 the  LA-ICP-MS data are compared to  
the  c e r t i f ie d  va lues. The fo llo w in g  elements were determ ined : L i ,  Be, 
B, P, Sc, T i,  V, Cr, Mn, Co, N i, Cu, Zn, Ga, Ge, As, Rb, Sr, Y, Zr, 
Nb, Mo, Sn, Cs, Ba, La, Ce, P r, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Yb, 
Ta, W, Pb, B i,  Th, U. I t  is  ev iden t th a t  a considerab le  improvement in  
the  agreement o f the  o v e ra ll data is  obta ined compared to  the rock 
analyses (F igures 86 to  92). S im ila r ly  fo r  GSD 9 to  GSD-12, where the 
LA-ICP-MS data are compared to  th a t  obta ined by INAA, good agreement 
is  observed (F igures 93 to  96). No p re c is io n s  were a v a ila b le  w ith  the 
c e r t i f ie d  va lues. For GSD9-12 ty p ic a l percentage RSD's fo r  the INAA 
data were around 5 %. The la s e r a b la tio n  ICP-MS data had percentage 
RSD's t y p ic a l ly  in  the range 15-20 %.
Of those elements showing poor c o r re la t io n  to  known va lues, W and Zr 
have ra th e r h igh b o i l in g  p o in ts . I t  is  in te re s t in g  th a t  in  a study o f 
the  same sediments by c o n tin u o u s -la s e r-v a p o ris a tio n  ICP-AES accurate 
de te rm ina tions o f Zr were not ob ta ined (Su & L in , 1988). B e ry lliu m  and 
boron show reduced s e n s i t iv i t y  s ince they l i e  a t the  extreme end o f 
the  low mass range.
The LA-ICP-MS and NAA data fo r  the  s o i ls  are presented in  Table 21. 
The concen tra tions  used fo r  c a l ib ra t io n ,  i . e .  from  GSS-1 are a lso  
g iven , to g e th e r w ith  the  iso tope  used fo r  c a lc u la t io n .  Mean 
concen tra tions  and standard d e v ia tio n s  are l is te d  (n=4).
G ene ra lly , agreement between measured and NAA l i t e r a tu r e  values is  
ve ry  good. At the tim e o f these analyses the  re s o lu t io n  o f the
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Figure 86: LA-ICP-MS versus certified values for Chinese Reference 
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Figure 90: LA-ICP-MS versus certified values for Chinese Reference 
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Figure 91: LA-ICP-MS versus certified values for Chinese Reference 
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Figure 94: LA-ICP-MS vs NAA values for Chinese Reference SedimentGSD-10
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. 55accounts fo r  some o f the  poor data ob ta ined . For example, Mn+ is
GSS-6 was not f u l l y  reso lved  from ^F e +  (and ^ArO +) . P rec is ion s  as
low as 4 % (RSD) were found; comparable to  those ob ta ined  by NAA fo r
many elements. Such good p re c is io n s , and the  agreement o f the
c a lc u la te d  concen tra tions  w ith  those obta ined by NAA are ve ry
encouraging. The wide e lem enta l coverage (28 e lem ents), and the  sho rt
p re p a ra tio n  and a n a lys is  tim e o f fe r  d e f in i te  a n a ly t ic a l advantages
over most a lte rn a t iv e  techn iques.
I t  is  not easy to  draw genera l conclusions from  the work so fa r  
undertaken w ith  g e o lo g ic a l m a te ria ls  because o f the importance o f the 
m a tr ix  to  be analysed. Despite t h is ,  i t  appears th a t  the  minimum o f 
sample p re p a ra tio n , coupled w ith  e lem ent-fo r-e lem ent c a l ib ra t io n  on an 
e x te rn a l standard, is  a prom is ing  approach to  q u a n t ita t iv e  a n a ly s is . 
I f  the  in te g ra ls  o f m ajor elements are sa tu ra ted  under p a r t ic u la r  
c o n d it io n s , as occurred in  the a n a lys is  o f s i l ic a te s  above, use o f 
lower energy shots should remedy the s itu a t io n .  This may be a t the
cost o f reducing s e n s i t iv i t y  fo r  the  tra ce  elements and thus
n e c e s s ita tin g  a separate a n a lys is  fo r  them.
The f e a s ib i l i t y  o f the  la t t e r  approach is  in d ic a te d  in  F igure 97. This
shows a se rie s  o f spectra  ob ta ined from the a b la t io n  o f the Chinese
s o i l  GSS-1 w ith  in c re a s in g  la s e r energy. The s u b s ta n t ia l increase in
13 ftthe  in te g ra ls  o f d i f fe r e n t  elements, e .g . Ba+, w ith  in c re a s in g
energy is  c le a r ly  seen (Ba co n ce n tra tio n , 580 ug g - 1 ) .
instrument was not as good as that routinely obtained, and this
204
Figure 97: Spectra of Chinese Reference Soil GSS1 at increasing laser 
energies
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5 . 4 . 1  I n t r o d u c t i o n
A  n u m b e r  o f  l e a f  a n d  s i m i l a r  R e f e r e n c e  M a t e r i a l s  a r e  a v a i l a b l e  f r o m  
t h e  C o m m u n it y  B u r e a u  o f  R e f e r e n c e  ( B C R ) ,  t h e  J a p a n e s e  N a t i o n a l
I n s t i t u t e  f o r  E n v i r o n m e n t a l  S t u d i e s  ( N I E S ) , t h e  I A E A  a n d  t h e  N I S T .
E i g h t  o f  t h e s e  w e r e  a n a l y s e d  t o  i l l u s t r a t e  t h e  p o t e n t i a l  o f  L A - I C P - M S
i n  b i o l o g i c a l  a n a l y s i s .
5 . 4 . 2  M e t h o d
E a c h  m a t e r i a l  w a s  p r e p a r e d  i n  a  s i m i l a r  m a n n e r  a s  f o l l o w s . E a c h  d r i e d  
p o w d e r  w a s  b a l l - m i l l e d  i n  a  t u n g s t e n  m i l l  w i t h  a  b i n d e r  ( E l v e s i t e  
2 0 1 3 ) f o r  f i v e  m i n u t e s .  T h e  r e s u l t i n g  w e l l - m i x e d  p o w d e r  w a s  p r e s s e d  i n  
X R F  c u p s  t o  10 t o n n e s ,  p r o d u c i n g  a  d i s c  o f  32 mm i n  d i a m e t e r .  E a c h  
d i s c  c o n t a i n e d  a t o t a l  m a s s  o f  a b o u t  2 g  o f  w h i c h  20 % w /w  w a s  b i n d e r .  
A  b a l a n c e  t h a t  c o u l d  b e  r e a d  t o  0 . 1  mg w a s  u s e d ,  e n s u r i n g  t h a t  t h e  
w e i g h t  p r o p o r t i o n s  o f  b i n d e r  t o  s a m p le  w e r e  r e p r o d u c i b l e .
C e r t i f i e d  v a l u e s  f o r  r e f e r e n c e  m a t e r i a l s  a r e  g i v e n  o n  a  d r y  w e i g h t  
b a s i s .  I t  i s  u s u a l l y  s u g g e s t e d  o n  t h e  c e r t i f i c a t e  o f  a n a l y s i s  t h a t  t h e  
m o i s t u r e  c o n t e n t  b e  d e t e r m i n e d  o n  a s e p a r a t e  s u b - s a m p l e  f r o m  t h e  o n e  
a n a l y s e d .  I f  u n d r i e d  s a m p le s  a n d  s t a n d a r d s  w e r e  u s e d  i n  L A - I C P - M S  i t  
m i g h t  i n  p r i n c i p l e  b e  p o s s i b l e  t o  c o r r e c t  t h e  c a l c u l a t e d  r e s u l t s  t o  
t h e  d r y  w e i g h t  v a l u e s .  I n  p r a c t i c e ,  h o w e v e r ,  t h i s  w o u l d  b e  t e d i o u s  a n d  
p r o b a b l y  n o t  a c c u r a t e  b e c a u s e  o f  t h e  s i m p l i f y i n g  a s s u m p t i o n s  n e e d e d  
f o r  t h e  c a l c u l a t i o n s ,  a n d  t h e  f a c t  t h a t  t h e  m o i s t u r e  c o n t e n t  o f  t h e  
m a t e r i a l s  d e p e n d s  u p o n  t h e  a m b ie n t  h u m i d i t y .
I n  v i e w  o f  t h e s e  d i f f i c u l t i e s  t h e  m a t e r i a l s  w e r e  a l w a y s  d r i e d  p r i o r  t o
5 . 4 P l a n t - b a s e d  m a t e r i a l s
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u s e .  I t  m u s t  b e  n o t e d ,  h o w e v e r ,  t h a t  t h e r e  i s  t h e  p o s s i b i l i t y  o f  t h e  
l o s s  o f  v o l a t i l e  e l e m e n t s  i n  t h i s  p r o c e s s .  T h e  n u m b e r  o f  d i f f e r e n t  
r e c o m m e n d d  d r y i n g  p r o c e d u r e s  a l s o  c o m p l i c a t e s  t h e  s i t u a t i o n  b y  
i m p l y i n g  t h a t  n o m i n a l l y  i d e n t i c a l  m a t e r i a l s  s h o u l d  n o t  b e  d r i e d  i n  t h e  
s a m e  m a n n e r .  T h e r e  i s  r o o m  f o r  c o - o p e r a t i o n  b e t w e e n  C e r t i f y i n g  
A g e n c i e s  i n  t h i s  r e g a r d  ( P a r r  e t  a l . ,  1 9 8 7 )  .
5 . 4 . 3  B C R  62 O l i v e  L e a v e s  ( O l e a  e u r o p a e a )
T h e  m u l t i e l e m e n t a l  a n a l y s i s  o f  B C R  O l i v e  L e a v e s  b a s e d  o n  t w o  d i f f e r e n t  
c a l i b r a t i o n  s t a n d a r d s  ( B o w e n 's  K a l e  a n d  N I S T  1 5 7 1  O r c h a r d  L e a v e s )  
u n d e r  t w o  a b l a t i o n  r e g i m e s  (5  X  0 . 6  J  a n d  10 X  0 . 3  N  m o d e  s h o t s  p e r
i n t e g r a t i o n )  w a s  u n d e r t a k e n .  I n t e r n a l  s t a n d a r d i s a t i o n  b e t w e e n  t h e  m e a n
. 57
v a l u e s  (n = 4 )  o f  t h e  s a m p le  a n d  s t a n d a r d  i n t e g r a l s  b a s e d  o n  F e  w a s
u s e d .  T y p i c a l  s p e c t r a  a r e  s h o w n  i n  F i g u r e  9 8 , i n d i c a t i n g  v e r y  s i m i l a r
i n t e g r a l s  u n d e r  t h e  t w o  a b l a t i o n  r e g i m e s .  T h i s  w o u ld  b e  e x p e c t e d  s i n c e
t h e  t o t a l  e n e r g y  i n  b o t h  c a s e s  w a s  3 j o u l e .
T a b l e  22 s h o w s  t h e  c o n c e n t r a t i o n s  o b t a i n e d  f o r  B C R  O l i v e  L e a v e s  b a s e d  
o n  t h e  t w o  s t a n d a r d s  u n d e r  t h e  t w o  a b l a t i o n  r e g i m e s . A  n u m b e r  o f  
e l e m e n t s  c o u l d  n o t  b e  d e t e r m i n e d  a n d  e x p l a n a t i o n s  a r e  g i v e n  i n  t h e  
t a b l e . T h r o u g h o u t  t h i s  s e c t i o n  t h e  t a b l e s  c o n t a i n  s u c h  d e t a i l s .
A p p a r e n t l y  n e i t h e r  o n e  o f  t h e  s t a n d a r d s  i s  c o n s i s t e n t l y  s u p e r i o r  w i t h  
r e g a r d  t o  a c c u r a c y  ( a s  j u d g e d  b y  t h e  c e r t i f i e d  v a l u e s ) . N o r  i s  o n e  
a b l a t i o n  r e g i m e  b e t t e r  i n  t h i s  r e g a r d .  U n d e r  t h e  sa m e  a b l a t i o n  
c o n d i t i o n s ,  h o w e v e r ,  t h e r e  i s  a t e n d e n c y  f o r  t h e  c a l i b r a t i o n  b a s e d  o n  
o r c h a r d  l e a v e s  t o  y i e l d  g r e a t e r  p r e c i s i o n s  t h a n  t h a t  b a s e d  o n  B o w e n 's  
k a l e .  S o  t h e  r e p r o d u c i b i l i t y  o f  t h e  a b l a t i o n  o f  o r c h a r d  l e a v e s  i s
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Figure 98: Fu ll mass scans o f BCR 062 O live Leaves under two ablation 
regimes (5 X  0.6 J &  10 X  0.3 J per integration)
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T a b l e  22:  A n a l y s i s  of BCR 062 O l i v o  Leaves ( Ol ea europaea)  by 
La s s r  A b l a t i o n  ICP-MS
A l l  c o n c e n t r a t i o n s  i n ug g - 1 .  Mean ( St andar d d e v i a t i o n )
P ' F e  used as an i n t e r n a l  st an dar d  between sample and st andar d)
El ement ( m/z)  A b l a t i o n  Regime A b l a t i o n  Regime O l i v e  Leaves
5 X 0. 6 J  10 X 0 . 3  J  ( C e r t )
St d 1 * St d2 ** St d 1* St d 2 •*
B< 11) 10( 1) 29( 3) 24( 4) 35( 3) 20
Na (23) B 70( 20) 8 84( 23) 74
Mg (26) 1 2 4 2 ( 132) 1286( 117) 1267( 112) 1394( 110) 1206
P (31) 1473( 196) 1103( 165) 1305( 147) 1112( 78) 1048
S (32) 2669( 245) 1142( 119) 2282( 165) 1232( 77) 1600
S (34) 2533( 370) 1268( 188) 2160( 215) 1341( 126) 1600
Cl  ( 35) 493( 64) 489( 62) 503( 62) 502( 30) 700
C l (37) 614( 55) 423( 30) 619( 49) 466( 25) 700
Ca (42) 2 4 . 2 ( 2 . 6 ) 1 6 . 7 ( 1 . 9 ) 2 5 . 8 ( 2 . 2 ) 1 9 . 2 ( 1 . 3 ) 17. 5
V ( 51) © 0 . 6 ( 0 , 2 ) © 1 . 2 ( 0 . 5 ) 1
C r (52) © 1 . 8 ( 0 . 6 ) © 2 . 2 ( 0 . 3 ) 2
Mn ( 55) 49 (5) 47( 4 ) 83( 18) 87( 14) 57
C u (63) 37( 4) 27( 4) 36( 5) 27( 3) 46 .6
C u (65) 40( 6 ) 29( 5) 36( 7) 28( 3) 46 . 6
Z n ( 66) 19( 1) 14( 2) 21( 4) 15( 3) 16
Zn( 68) 22( 4) 15( 2) 22( 3) 16( 2) 16
A s (75) © 0 . 3 ( 0 . 1 ) © 0 . 3 ( 0 . 1 ) 0 . 2
B r ( 79) 5 ( 1 ) 5 ( 1 ) 6 ( 3 ) 5 ( 3 ) 0
B r (81) 11( 1) 10( 1) 6( 1 ) 6 ( 1 ) 8
S r ( 88) 36( 4) 28( 4) 37( 4) 31 (3) -------
Mo (98) 0 . 2 1 ( 0 . 0 7 ) - © 0 . 2 7 ( 0 . 0 5 )  © 0 . 2
L a (139 J w 0 . 5 ( U .11 © U . 6 l u . Z ) U. 2
P b ( 206) 19( 5) 22( 3) 20( 2) 23( 2) 25
P b (207) 20( 4) 23( 3) 20( 4) 23( 2) 25
Pb(200) 18( 4) 22( 2) 18( 3) 23( 1) 25
• Bowen' s Kal e $ mg. g * ( d . w . )
“ * NI ST  SRM 1571 Or char d Leaves 
e Sat ur at ed i n st andar d
© Conc ent r at i on  too low i n st an dar d  f o r  c a l i b r a t i o n  pur poses.
Ot her  examples in Bowen' s Kal e (Au.  B i , Ce,  Co,  Eu,  G a . . . .  1 
( - ' A l .  W K.  not r e p or t e d  due t o peak s a t u r a t i o n  i n sampl el
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s l i g h t l y  s u p e r i o r  t o  t h a t  o f  B o w e n 's  k a l e .  S i m i l a r l y ,  t h e r e  i s  a 
t e n d e n c y  f o r  t h e  p r e c i s i o n s  o b t a i n e d  a t  10 X  0 . 3  J  t o  b e  b e t t e r  t h a n  
t h o s e  o b t a i n e d  a t  5 X  0 . 6  J .  T h i s  m i g h t  b e  e x p e c t e d  s i n c e  a s m o o t h e r  
l o a d i n g  o f  t h e  p la s m a  w i t h  a n a l y t e  i s  o b t a i n e d  i n  t h e  f o r m e r  c a s e .
T a b l e  22 a l s o  h i g h l i g h t s  som e o f  t h e  d i f f i c u l t i e s  o f  s t a n d a r d i s a t i o n .  
F o r  e x a m p l e ,  a  p e a k  m a y  b e  s a t u r a t e d  i n  t h e  s t a n d a r d ,  e . g .  N a  i n  
B o w e n 's  k a l e ,  o r  b e  t o o  lo w  i n  t h e  s t a n d a r d  t o  a l l o w  c a l i b r a t i o n ,  e . g .  
Mo i n  o r c h a r d  l e a v e s .
I n s p e c t i o n  o f  t h e  c o n f i d e n c e  i n t e r v a l s  o f  t h e  c e r t i f i e d  v a l u e s  u s e d  
f o r  c a l i b r a t i o n ,  f a i l s  t o  s h o w  a n y  c o r r e l a t i o n  b e t w e e n  t h e s e  
p r e c i s i o n s  a n d  t h e  a c c u r a c y  o f  t h e  c a l c u l a t e d  v a l u e s .  I t  t h u s  d o e s  n o t  
s e e m  l i k e l y  t h a t  i n a c c u r a c y  i n  t h e  c e r t i f i e d  v a l u e s  i s  a  m a j o r  s o u r c e  
o f  i n a c c u r a c y  i n  t h e  c a l c u l a t e d  c o n c e n t r a t i o n s .
I t  i s  e n c o u r a g i n g  t h a t  t h e r e  i s ' g e n e r a l l y  g o o d  a g r e e m e n t  b e t w e e n  
c a l c u l a t i o n s  b a s e d  o n  d i f f e r e n t  i s o t o p e s  o f  t h e  sam e e l e m e n t ,  e . g .  P b .  
T h e s e  s h o u l d  a g r e e  u n l e s s  t h e i r  r e l a t i v e  a b u n d a n c e  i s  s u c h  t h a t  s a y ,  
o n e  i s o t o p e  i s  s a t u r a t e d  w h i l s t  a n o t h e r  i s  n o t /  o r  i f  s u b s t a n t i a l  
i n t e r f e r e n c e s  a r e  p r e s e n t  a t  p a r t i c u l a r  m a s s e s .
5 . 4 . 4 .  N I S T  1 5 7 1  O r c h a r d  L e a v e s  a n d  N I S T  1 5 7 3  T o m a t o  L e a v e s  
T h e  t w o  N I S T  l e a f  m a t e r i a l s  w e r e  a n a l y s e d  b a s e d  o n  ari k n o w n  
c o n c e n t r a t i o n s  i n  B o w e n 's  k a l e . F i v e  0 . 9  J  N  m o d e  s h o t s  w e r e  u s e d  p e r  
i n t e g r a t i o n .  T h e  h i g h  t o t a l  e n e r g y  a l l o w e d  s u f f i c i e n t  s e n s i t i v i t y  t o  
e n a b l e  t r a c e  l e v e l s  t o  b e  c a l c u l a t e d .  T a b l e  23 l i s t s  t h e  e l e m e n t a l  
v a l u e s  f o r  B o w e n 's  k a l e  o f  w h i c h  o n l y  11 a r e  r e c o m m e n d e d  ( B ,  M g , K ,
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Table 23. Elemental Values of Bowen’s Kale used for Calibration
Element Elemental mean (standard deviation), //g g -1 d.w.
L i 1.56
B 49 |[6.2)
Na 2366 | 294)
Mg 1605 | 181)
A l 39.9 \ 9.94)
P 4480 \ 161)
S 15660 \ 2270)
Cl 3560 | 433)
Ca 41060 | 2220)
T i 2.35 <0.06)
V 0.386 | 0.0576)
Cr 0.369 i 0.101)
Fe 119.3 | 14.8)
M n 14.82 | 1.68)
N i 0.895 <0.138)
Co 0.0632 | 0.0106)
Cu 4.89 I 0.626)
Zn 32.29 I 2.75)
As 0.131 <0.044)
Se 0.134 | 0.0204)
B r 24.9 <2.46)
Rb 53.4 <5.50)
Sr 75.7 <29.3)
Mo 2.27 10.352)
Cd 0.889 | 0.247)
I 0.137 | 0.0824)
Ba 4.86 ! 0.8)
Hg 0.171 I 0.0282)
Pb 2.49 1[0.574)
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C a ,  F e ,  M n, C o ,  C u ,  B r ,  M o , a n d  H g ) , f i v e  a r e  i n d i c a t e d  ( A l ,  C r ,  A s ,
C d ,  a n d  B a ) , a n d  t h e  r e m a i n d e r  a r e  b a s e d  o n  r e p o r t e d  v a l u e s  f r o m
v a r i o u s  a n a l y t i c a l  s t u d i e s  (B o w e n , 1 9 8 5 ) .
T h e  e l e m e n t a l  c o n c e n t r a t i o n s  d e t e r m i n e d  i n  o r c h a r d  a n d  t o m a t o  l e a v e s  
a r e  g i v e n  i n  T a b l e s  24  a n d  2 5 ,  r e s p e c t i v e l y .  D a t a  a r e  c o m p a r e d  w i t h
p u b l i s h e d  w o r k  b y  s o l u t i o n  n e b u l i s a t i o n  IC P -M S  a n d  N A A . F o r  o r c h a r d
l e a v e s  c o m p a r a t i v e  l a s e r  a b l a t i o n  IC P -M S  d a t a  a r e  a l s o  a v a i l a b l e .
I n  t h i s  w o r k  n o  i n t e r n a l  s t a n d a r d i s a t i o n  w a s  n e c e s s a r y .  T h i s  i m p l i e s  
t h a t  t h e r e  w a s  n o  s i g n i f i c a n t  d r i f t  i n  l a s e r  p u l s e  o u t p u t  o r  
i n s t r u m e n t  s e n s i t i v i t y  a n d  t h a t  t h e  c o m p a c t e d  s a m p le  u s e d  h a d  a 
u n i f o r m  m ix  a n d  d e n s i t y .  E a c h  o f  t h e  m a t e r i a l s  m u s t  a l s o  h a v e  h a d  a 
s i m i l a r  d e n s i t y .
O v e r a l l ,  g o o d  a g r e e m e n t  w i t h  c e r t i f i e d  o r  l i t e r a t u r e  v a l u e s  w a s  
o b t a i n e d .  I n  t h e  c a s e  o f  O r c h a r d  l e a v e s ,  G r a y  u s e d  t h e  c e r t i f i e d  
v a l u e s  ( F e )  t o  i n t e r n a l l y  s t a n d a r d i s e  t h e  o t h e r  e l e m e n t s .  C o m p a r is o n  
w i t h  t h e  n o n - i n t e r n a l l y  s t a n d a r d i s e d  d a t a  s h o w s  t h a t  a n  im p r o v e m e n t  i n  
t h e  a b s o l u t e  p r e c i s i o n  o f  15 o f  t h e  e l e m e n t a l  v a l u e s  l i s t e d  i s  
o b t a i n e d .
S om e o f  t h e  r e s u l t s  s h o w  s i g n i f i c a n t  e r r o r s  i n  t h e  l o w e s t  e l e m e n t a l  
l e v e l s .  A  n u m b e r  o f  t h e s e  a r e  a s s o c i a t e d  w i t h  v e r y  l o w  c o n c e n t r a t i o n s  
i n  t h e  s t a n d a r d  w h i c h  g a v e  p o o r  c a l i b r a t i o n s  d e s p i t e  t h e  h i g h  t o t a l  
l a s e r  e n e r g y  u s e d .  Som e e l e m e n t s  s u c h  a s  C d ,  I ,  H g ,  a n d  P b  a r e  m o r e  
v o l a t i l e  t h a n  t h e  r e s t  o f  t h e  m a t r i x  a n d  s h o w  g r e a t e r  v a r i a b i l i t y  d u e  
t o  t h i s .
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D e s p i t e  s u c h  r e s e r v a t i o n s  t h e  q u a l i t y  o f  t h e  d a t a  a r e  g o o d .  A  f u l l e r  
d i s c u s s i o n  o f  t h e s e  r e s u l t s  i s  p r e s e n t e d  e l s e w h e r e  (W a r d  e t  a l . ,  
1 9 8 9 b ) .
T h e  p o s s i b i l i t y  o f  s e m i q u a n t i t a t i v e  a n a l y s i s  i s  a n  a t t r a c t i v e  o n e ,  a n d  
s u c h  g o o d  d a t a  p r o v i d e d  t h e  o p p o r t u n i t y  t o  o b t a i n  so m e  r e s p o n s e  v e r s u s  
m a s s  c a l i b r a t i o n  c u r v e s .  U s i n g  t h e  d a t a  f r o m  B o w e n 's  k a l e  a n d  t o m a t o  
l e a v e s  s u c h  c a l i b r a t i o n s  w e r e  p r o d u c e d ,  a s  o u t l i n e d  i n  C h a p t e r  4 .  
T h e s e  a r e  s h o w n  i n  F i g u r e s  99 a n d  1 0 0 .  W h i l s t  n o t  i d e n t i c a l  t h e  p l o t s  
a r e  c l e a r l y  s i m i l a r ,  a s  w a s  t h e  o n e  o b t a i n e d  f o r  o r c h a r d  l e a v e s  ( n o t  
s h o w n ) .
D a t a  f o r  t o m a t o  l e a v e s  a n d  o r c h a r d  l e a v e s  b a s e d  o n  t h e  B o w e n 's  k a l e
p l o t  a r e  g i v e n  i n  T a b l e s  26 a n d  2 7 .  ( B o t h  o f  t h e s e  T a b l e s ,  a n d  F i g u r e s  
99 a n d  1 0 0 ,  f r o m  W i l l i a m s  ( 1 9 8 9 b ) ) .  A g a i n ,  t h e s e  s h o w  g o o d  a g r e e m e n t  
w i t h  k n o w n  v a l u e s ,  a d d i n g  t o  c o n f i d e n c e  i n  t h e  t e c h n i q u e .
5 . 4 . 5  N I S T  1 5 7 5  P i n e  N e e d l e s
T h e  c o n c e n t r a t i o n s  o f  c e r t i f i e d  e l e m e n t s  i n  p i n e  n e e d l e s  w e r e
d e t e r m i n e d  a g a i n  u s i n g  B o w e n 's  k a l e  a s  t h e  s t a n d a r d .  I t  i s  p o s s i b l e  
t h a t  o n e  e le m e n t  m a y  b e  u s e d  f o r  b e t w e e n - r e p l i c a t e  i n t e r n a l  
s t a n d a r d i s a t i o n ,  a n d  a n o t h e r  f o r  s t a n d a r d  t o  s a m p le  s t a n d a r d i s a t i o n .  
I n  t h i s  c a s e  2 6 Mg w a s  u s e d  f o r  t h e  f o r m e r  a n d  4 4 C a  f o r  t h e  l a t t e r .
T h i s  i l l u s t r a t e s  t h e  p o s s i b i l i t y  o f  u s i n g  t w o  d i f f e r e n t  e l e m e n t s  f o r
t h e s e  i n t e r n a l  s t a n d a r d i s a t i o n s . A  s m a l l  i s o t o p e  o f  t h e  m a t r i x  i s  
l i k e l y  t o  b e  w e l l  d i s t r i b u t e d  i n  t h e  s t a n d a r d  a n d  s a m p l e .  I t  m a y  t h u s  
b e  a  g o o d  c h o i c e  f o r  b e t w e e n - r e p l i c a t e  i n t e r n a l  s t a n d a r d i s a t i o n .  
H o w e v e r ,  a n  e x a c t  v a l u e  o f  t h e  p e r c e n t a g e  w /w o f  t h e  m a t r i x  t o  t h e
216
L
A
-I
C
P
-M
S
 
M
as
s 
R
es
p
o
n
se
 
C
ur
ve
 
fo
r 
B
o
w
en
's
 
K
a
le
21 7
Fig
ure
 9
9: 
Res
pon
se 
as 
a f
unc
tio
n 
of 
mas
s 
for 
Bo
we
n’s 
kal
e
218
Fig
ure
 1
00:
 R
esp
ons
e 
as 
a f
unc
tio
n 
of 
mas
s 
for 
NIS
T 
157
3 
Tom
ato
 L
ea
ve
s
T
a
b
le
 
26
 
: 
S
e
m
iq
u
a
n
ti
ta
ti
v
e
 
a
n
a
ly
s
is
 
of
 
N
IS
T 
15
73
 
To
m
a
to
 
L
e
a
ve
s 
an
d 
N
IS
T
in
d)
>nl
a)
0!
'du
(0rt
o
uo
w
s
t
p+
u
H
t<LI
>irt
in
<u
>rd
a>rt
mJu4rt
ouo
r—1
r -
LOrH
73
<D
L—
€
ii
o
ced
3nr
1
1
0 )
1  J j
s
rtf4-J
c
ed
3
O  L^u
■Q
M—
t  
0  
( ')
C,r4eu
□
O '
1
1>
rn
0 JJ
1
cCd
3
o
L_iTi
£
0
LU
0 ) LO CD CM
Q CO O J r~> T~ o 0 A j 0 o i 0 T “ T- O O J
00 CO O r i > 0 f~\ CM i )i 0? T—
O J 00 r~ 0 00
CD o i o
0
CO 3 L0 r t
O J CO r t N T CD CM co T- I- rn O iT-'. 0
r%__
CO CD r* O J o 0 0 T “ r t 00 n-. T—
00 00 CO 0 0 T“
CO r~ N
T—
00 L0 CM
_ m T f r t Tt- CO 1“ r - 0 T~ V 0 00
G LO N r n d ) N LO 0 U ) N T~
*— T " OJ r t 0 0
CD o i CO
O J
CO r t 00
T— CO N f - r t T* T 0 0 T~ liO T“ T—
/---\ T~
CL? CO O J 04 n 00 T~ i' 1 0 CM
T CD 00 00 0 ^ T
L0 00 00
CM
4T L0 0
0 n 0 r n 0 CD rt 0 r n 0
00 J H i i O 0 LO , m 0 t T—
5 O J r t { i 0 O J
N
T~
c d r >
00
Cm N r t ao
3
, vf- *—+- NJ L0 O ) 0 O J
Ti
•sJJ o i 0 P- L0 0 03 CM
ob r n CO O J L0 Q 0 0 CM T~ T
LO CO r - o - CO 0 O J r t
CO CM o T “
LO
CO o L0 CM
CO r t L0 0 LO 00 L0 V 00 LO CM •J— T— r n
CO rv. (T l Q 0 rsj 00 N
CD CD r - CO f-£ N C'J
03 CO T~
rt
CO 0  L0 0
T— m O J Q '4 C l 00 0 iw ) 1— O J f - - CM r*f*H4
LO O J r n 00 XT rri O J 0 y T~
rt LO
r-.i ^ 0 CD r n CM z .
T “ CD L0 **H
0
cd U ) Cd iTi C n
_ i  U J '© <C LL C )  r - O  u_ r t z n  c )
©oo
cni—i
uul
s
co
j>
oo—X
00
L_
0
CO
E  TO 
0
nJ
co
co
cn
u
o
. UJ rH Cj
hj G)
rt T~ 
0)
X
D
Cu
0
n
3
O
(') r
0  r, 
03 •'-s 
0  ^
^  0
0
±j
3  I ’
0  0
01 ‘t:
0 O
*o o O
7 E 0 0 •42 H-1
p  0s~\
0 Q 
n  + 'w u
4— i
0
/  >
1 Q
* z .
jS 0 Cl 
£• rt 0£ .P n
Cd r t  b -
0
“  O wfl si—  l_ cd dz 0 rt 
0 rt ^
4— 'c  “  rt 
-rt ^  C
rt CO Cd j j
2 1 9
Ta
b
le
 
2
7
 
: 
S
e
m
iq
u
a
n
ti
ta
ti
v
e
 
a
n
a
ly
s
is
 
of
 
N
IS
T 
1
5
7
3
 
To
m
a
to
 
L
e
a
ve
s 
an
d 
N
IS
T
 
1
5
7
1
 
O
rc
h
a
rd
 
L
e
a
ve
s 
by
 
LA
 
IC
P
-M
S
dico
uscocoClre
fauo
- LU 
refa 0)T~
•P0) V
'b 5p Cu
s  (D 
S  7 3
0) n 
CO .f . rn bj
T” 0)
<D 9
-4—* L .
<D□
0)
LL ujC
C 0
0 u 
Tf U  U
0 c  . r- 0 n
i)
CL 
d> c  GO
0  R  «f/l
1— i_ oi +r‘ m re
Q 1 
Z  ni £
220
w h o l e  s a m p le  m a y  n o t  b e  a v a i l a b l e ,  a n d  a n o t h e r  e l e m e n t  u s e d  f o r  
s t a n d a r d  t o  s a m p le  i n t e r n a l  s t a n d a r d i s a t i o n .
T a b l e  28 s h o w s  t h e  v a l u e s  o b t a i n e d  b y  L A - I C P - M S ,  t o g e t h e r  w i t h  i n t e r  
a n d  i n t r a - a n a l y t i c a l  d a t a ,  a n d  c e r t i f i e d  v a l u e s .  T h e  p o t a s s i u m  
i n t e g r a l  w a s  p a r t i a l l y  s a t u r a t e d  i n  B o w e n 's  k a l e  l e a d i n g  t o  a n  
i n a c c u r a t e l y  lo w  s e n s i t i v i t y  a n d  h e n c e  t o  a h i g h  c a l c u l a t e d  v a l u e  i n  
t h e  s a m p l e .  L e a d  i s  a l s o  p r o b l e m a t i c ,  p r o b a b l y  d u e  t o  i t s  v o l a t i l i t y .  
T h e  d e t e r m i n e d  v a l u e  w a s  r a t h e r  h i g h ,  a n d  t h e  p r e c i s i o n  p o o r .
5 . 4 . 6  N I S T  1 5 7 2  C i t r u s  L e a v e s
T w o  a b l a t i o n  r e g i m e s  (5  X  0 .3  J  a n d  10 X  0 . 3  J )  w e r e  u s e d  f o r  t h e
a n a l y s i s  o f  c i t r u s  l e a v e s  b a s e d  o n  B o w e n 's  k a l e .  I n  t h e  f i r s t  o f  t h e s e
2 6
a n a l y s e s  f u l l  i n t e r n a l  s t a n d a r d i s a t i o n  b a s e d  o n  Mg w a s  u s e d .  I n  t h e  
s e c o n d  i n t e r n a l  s t a n d a r d i s a t i o n  o n l y  b e t w e e n  s t a n d a r d  a n d  s a m p le  w a s  
e m p l o y e d .  T h e  d a t a  o b t a i n e d  a r e  s h o w n  i n  T a b l e  2 9 .  T h e  a d v a n t a g e  i n  
p r e c i s i o n  o f  10 c o m p a r e d  t o  5 s h o t s  p e r  i n t e g r a t i o n  i s  i n s i g n i f i c a n t  
c o m p a r e d  t o  t h e  a d v a n t a g e  o f  f u l l  i n t e r n a l  s t a n d a r d i s a t i o n .  T h e  l a t t e r  
y i e l d s  s t a n d a r d  d e v i a t i o n s  2 t o  10 t i m e s  s m a l l e r .
A s  m i g h t  b e  e x p e c t e d ,  t h e  a c c u r a c y  f o r  p o t a s s i u m  i s  i m p r o v e d  a t  t h e
l o w e r  t o t a l  l a s e r  e n e r g y  ( 1 . 5  J ) , s i n c e  t h e  i n t e g r a l s  o f  t h i s  e l e m e n t
a r e  t h e n  n o t  s a t u r a t e d  i n  t h e  s t a n d a r d .  M o ly b d e n u m  a s  m e a s u r e d  i s  a t
98
t h e  s u b  u g  g - 1  l e v e l  s i n c e  Mo i s  o n l y  2 3 . 7 8  % a b u n d a n t .
S o l u t i o n  n e b u l i s a t i o n  IC P -M S  d a t a  o n  c i t r u s  l e a v e s  h a s  b e e n  p r e s e n t e d  
a t  a  r e c e n t  c o n f e r e n c e  ( M c C u r d y ,  1 9 8 9 ) .  T h u s  a n  i n t r a - a n a l y t i c a l  
c o m p a r i s o n  w a s  p o s s i b l e  a n d  i s  d e p i c t e d  i n  F i g u r e  1 0 1 .  T h i s  s h o w s  t h e
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Table 28 : Analysis of NIST 1575 Pine Needles by LA-ICP-MS
Element LA-ICP-MS NAA 
(Ward,1988)
Soln. ICP-MS 
(Ward,1988)
Certif ied
Al(27) 441(150) 557(12) 538(7) 545
P (31) 1635(260) ND ND 1200
K(39) 6232(789) 3740(204) 3721(176) 3700
Ca(44) INT STD 4205(315) 4089(191) 4100
Cr (52) 2.0(0.5) 2.4(0.3) 2.4(0.3) 2.6
Mn(55) 648(77) 668(21) 672(17) 675
Fe(57) 221(54) 207(20) 203(8.4) 200
Cu(63) 7(3) 2.8(0.1) 2.8(0.1) 3
Rb(87) 12(2) 10.7(1.0) 11.0(0.9) 11.7
Sr(88) 6.2(1.4) 4.6(0.7) 4.7(0.5) 4.8
Pb(208) 17(9) ND 10.3 10.8
All concentrations in ug g-1, mean (standard deviation)
INT STD: Internal standardisation between standard and sample 
means. (Between replicate internal standardisation on Mg(26)) 
ND not determined
Element-for-element calibration based on Bowen's Kale 
Ten 0.3 J N mode shots per integration (n-4)
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Table 29 : Analysis of NIST 1572 Citrus Leaves by LA-ICP-MS
Ablation regime 5 X 0.3 J Ablation Regime 10 X 0.3 J
Element LA-ICP-MS LA-ICP-MS Cert if ied
Mg(26) INT STD INT STD 5800
Al(27) 114(26) 90(37) 92
P (31) 1499(101) 1345(558) 1300
S (32) 5367(232) 5073(2264) 4070
K (39) 16993(1364) 14806(4252) 18200
Ca(44) 22207(2261) 21543(6544) 31500
Cr(52) 0.4(0.1) 0.7(0.3) 0.8
Mn(55) 35(7) 31(14) 23
Fe(57) 108(33) 131(58) 90
Cu(63) 20(4) 19(8) 16.5
Zn(66) 41(6) 38(16) 29
Rb(85) 7(0) 10.1(7.7) 4.84
Sr(88) 66(5) 71(24) 100
Mo(98) 0.2(0.0) 0.3(0.6) 0.17
Ba(137) 24(3) 16.5(12.7) 21
Pb(208) 22(4) 26(17) 13.3
All concentrations in ug g-1, mean (standard deviation) 
INT STD: element used for internal standardisation 
Element-for-element calibration based on Bowen's Kale
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Figure 101: LA-ICP-MS versus solution ICP-MS values for NIST 1572 
Citrus Leaves
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L A - I C P - M S  d a t a ,  o b t a i n e d  u s i n g  5 X  0 . 3  J  l a s e r  s h o t s  p e r  i n t e g r a t i o n ,  
a s  a f u n c t i o n  o f  t h e  s o l u t i o n  IC P -M S  v a l u e s .  A l l  o f  t h e  e l e m e n t s  w h i c h  
w e r e  a n a l y s e d  i n  com m on a r e  g i v e n .
A g r e e m e n t  i s  f a i r  w i t h  t h e  e x c e p t i o n s  o f  C r  a n d  S r .  T h e r e  i s  n o
o b v i o u s  r e a s o n  f o r  t h e  l a t t e r ,  b u t  t h e  d e t e r m i n a t i o n  o f  C r  i s
p r o b l e m a t i c  i n  IC P -M S .  I n  s o l u t i o n  w o r k ,  t r a d i t i o n a l  s u l p h u r i c  a c i d
d i g e s t s  m u s t  b e  a v o i d e d  s i n c e  t h i s  a c i d  g i v e s  r i s e  t o  p o l y a t o m i c
i n t e r f e r e n c e s  i n  t h e  s a m p le  s p e c t r a .  T h e s e  o f t e n  o v e r l a p  i s o t o p e s  o f
i n t e r e s t .  A l t e r n a t i v e  n i t r i c  a c i d - p e r c h l o r i c  a c i d - h y d r o g e n  p e r o x i d e
d i g e s t i o n s  a r e  m o r e  a p p r o p r i a t e ,  b u t  c a n  s t i l l  g i v e  r i s e  t o  so m e
52
i n t e r f e r e n c e s  f r o m  t h e  C l  p r e s e n t .  T h e r e  m a y  b e  C 1 0 H +  c o i n c i d e n t  
52w i t h  C r + .  I n  a d d i t i o n ,  t h e  a m o u n t  o f  c a r b o n  r e m a i n i n g  a f t e r
52
d i g e s t i o n  i s  n o t  k n o w n .  H e n c e  t h e  s p e c i e  A r C +  m a y  a l s o  b e  p r e s e n t .
Q u a n t i t a t i o n  l i m i t s  a r e  s h o w n  i n  T a b l e  3 0 .  T h i s  i s  d e f i n e d  a s  10 t i m e s  
t h e  s t a n d a r d  d e v i a t i o n  o f  t h e  b l a n k ,  a n d  u s u a l l y  e x p r e s s e d  a s  a 
c o n c e n t r a t i o n .  S i n c e  e x p e r i e n c e  w i t h  t h e  l a s e r  a b l a t i o n  s y s t e m  
s u g g e s t s  t h a t  t h e  d e t e c t i o n  l i m i t  i s  r o u g h l y  e q u i v a l e n t  t o  t h e  
b a c k g r o u n d  e q u i v a l e n t  c o n c e n t r a t i o n  ( B E C ) , a n  e s t i m a t e  o f  t h e  
q u a n t i t a t i o n  l i m i t  w a s  m a d e  b y  t a k i n g  B E C  X  1 0 / 3  a n d  u s i n g  t h e  
s e n s i t i v i t y  o b t a i n e d  f r o m  c i t r u s  l e a v e s .  T h e s e  l i m i t s  a r e  c o m p a r e d  t o  
t h o s e  g i v e n  f o r  s o l u t i o n  n e b u l i s a t i o n  IC P -M S  ( M c C u r d y ,  1 9 8 9 ) .  I n  
g e n e r a l  s o l u t i o n  n e b u l i s a t i o n  IC P -M S  p o s s e s s e s  g r e a t e r  d e t e c t i o n  
c a p a b i l i t y ,  b u t  t h e  a d v a n t a g e  i s  n e g l i g i b l e  f o r  s o m e  e l e m e n t s .
I t  i s  w o r t h  n o t i n g  t h a t  t h e  b a c k g r o u n d  c o u n t s  o b t a i n e d  i n  L A - I C P - M S  
a r e  r a t h e r  s m a l l  a n d  t h e r e f o r e  s h o w  c o n s i d e r a b l e  s t a t i s t i c a l
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Table 30 : Comparison of Quantitation Limits Between Solution 
Nebulisation and Laser Ablation ICP-MS
Element Quantitation Limit (ug g-1)
©LA-ICP-MS *Soln. ICP-MS (McCurdy,1989)
Mg(26) 16.9 ND
Al(27) 1.7 ND
P (31) 49.4 ND
K(39) 123.6 ND
Ca(44) 869 ND
Cr(52) 0.23 0.34
Mn(55) 0.26 0.06
Fe (57) 16.0 1.49
Cu(63) 0.63 0.36
Zn(66) 0.36 0.38
Rb(85) 0.33 0.007
Sr(88) 0.20 0.02
Mo(98) 0.36 ND
Ba(137) 0.18 0.04
Pb(208) 0.03 0,01
© Based on 3.3 X the background equivalent concentration 
* Based on 10 X standard deviation of the blank X dilution 
factor (dilution factor was 100).
ND not determined
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f l u c t u a t i o n  b e t w e e n  r u n s  ( a s  s h o w n  b y  t h e  s t a n d a r d  d e v i a t i o n ) . 
D e t e c t i o n  l i m i t s  d e t e r m i n e d  f r o m  s u c h  s t a n d a r d  d e v i a t i o n s  m a y  b e  
p e s s i m i s t i c  i n  t h e  s e n s e  t h a t  i t  m a y  b e  p o s s i b l e  i n  p r a c t i c e  t o  s e e  
l o w e r  l e v e l s  t h a n  t h e s e .  A n o t h e r  p r a c t i c a l  d i f f i c u l t y  l i e s  w i t h  t h e  
f a c t  t h a t  e v e n  v e r y  s m a l l  m e m o ry  e f f e c t s ,  w h i c h  m a y  b e  e r r a t i c ,  c a n  
a l s o  d e g r a d e  d e t e c t i o n  l i m i t s .  T h e  u s e  o f  t h e  g e n e r a l l y  a c c e p t e d  
d e f i n i t i o n  o f  d e t e c t i o n  l i m i t s  c a n  b e  t a k e n  a s  a s t a r t i n g  p o i n t  o n l y  
a n d  f u r t h e r  w o r k  i s  n e e d e d  i n  t h i s  a r e a .
T h e  s p e e d  a n d  e a s e  o f  a n a l y s i s  w i t h  L A - I C P - M S  c e r t a i n l y  c o m p a r e s  
f a v o u r a b l y  w i t h  c o n v e n t i o n a l  IC P -M S  a n a l y s i s  i n  t h i s  p a r t i c u l a r  
e x a m p l e .
5 . 4 . 7  N IE S  7 T e a  L e a v e s  a n d  N IE S  1 P e p p e r b u s h
T a b l e  31 s h o w s  d a t a  o b t a i n e d  b y  L A - I C P - M S  f o r  t h e  t w o  J a p a n e s e  p l a n t -  
b a s e d  C e r t i f i e d  R e f e r e n c e  M a t e r i a l s  N IE S  7 a n d  N I E S  1 .  D e t a i l s  o f  t h e  
a b l a t i o n  r e g i m e  a n d  a b l a t i o n  r e g i m e  a r e  i n c l u d e d .
F o r  b o t h  m a t e r i a l s ,  d e t e r m i n e d  c o n c e n t r a t i o n s  o f  n i c k e l  a p p e a r  l o w .  
H o w e v e r ,  t a k i n g  i n t o  a c c o u n t  i s o t o p i c  a b u n d a n c e  t h i s  e l e m e n t  i s  
p r e s e n t  i n  t h e  s t a n d a r d  a t  a b o u t  0 .2  u g  g - 1 ,  p o s s i b l y  i n s u f f i c i e n t  t o  
g i v e  a  r e l i a b l e  c a l i b r a t i o n .  F a i r  a g r e e m e n t  i s  o t h e r w i s e  o b t a i n e d  
b e t w e e n  d e t e r m i n e d  a n d  c e r t i f i e d  v a l u e s ,  a g a i n  e m p h a s i s i n g  t h e  
f e a s i b i l i t y  o f  t h i s  a p p r o a c h .
5 . 4 . 8  I A E A  V - 1 0  H a v  P o w d e r
N I S T  O r c h a r d  L e a v e s  w a s  u s e d  a s  a  s t a n d a r d  i n  t h e  a n a l y s i s  o f  IA E A  V -  
10 H a y  P o w d e r .  B o t h  m a t e r i a l s  h a v e  a  l i g h t  g r e e n  a p p e a r a n c e  w h e n
227
LA-ICP-MS
Table 31 : Analysis of NIES Certified Reference Materials by
Element Tea Leaves 
LA-ICP-MS
(NIES 7) 
Cert if ied
Pepperbush
LA-ICP-MS
(NIES 1) 
Cert if ied
Na(23) SSTD 15.5(1.5) SSTD 106(13)
Mg(26) INT STD 1530(60) INT STD 4080(200)
Al(27) 469(100) 775(20) 526(116) -
P (31) 3323(358) 3700* 1626(205) 1100*
K (39) 14909(767) 18600(700) 16563(2273) 15100(600)
Ca(44) 3916(494) 3200(120) 22747(2871) 13800(700)
Cr (52) 0.25(0.04) 0.15* 0.91(1.32) 1.3*
Mn(55) 929(140) 700(25) 2163(344) 2030(170)
Fe(57) 91(47) - 236(66) 205(17)
Ni (60) 2.5(0.4) 6 . 5 (0 . 3) 4.3(1.2) 8.7(0.6)
Cu(63) 7(1) 7.0(0.3) 21(12) 12(1)
Zn(66) 35(6) 33(3) 280(41) 340(20)
Rb(85) 6(1) - 89(11) 75(4)
Sr(88) 3.2(0.5) 3.7* 38(3) 36(4)
Ba(137) 8(2) 5.7* 207(49) 165(10)
Pb(208) 1.0(0.2) 0.80(0.03) 4.1(0.7) 5.5(0.8)
All concentrations in ug g-1, mean (standard deviation)
SSTD: particular element saturated in the standard 
INT STD: element used for internal standardisation between 
standard and sample means only 
* non-cert if led value
Element-for-element calibration used, based on certified values
of Bowen's Kale. Five 0.3 J N mode shots per integration (n-4)
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p r e s s e d  f o r  a n a l y s i s .  T h i s  c o l o u r  g i v e s  g o o d  l a s e r - s a m p l e  c o u p l i n g ,  
r e l a t i v e l y  e v e n - s i z e d ,  w e l l - d e f i n e d  a b l a t i o n  p i t s  b e i n g  p r o d u c e d .
T h e  c o n c e n t r a t i o n s  o b t a i n e d  ( T a b l e  3 2 ) s h o w  e x c e l l e n t  a g r e e m e n t  w i t h  
c e r t i f i e d  v a l u e s  a n d  w i t h  r e c e n t  c o n v e n t i o n a l  IC P -M S  d a t a  ( R o y s e t  e t  
a l . ,  1 9 8 9 ) .  C l e a r l y ,  n o  i n t e r n a l  s t a n d a r d i s a t i o n  b e t w e e n  s t a n d a r d  a n d
s a m p le  w a s  n e c e s s a r y .  P r e c i s i o n s  a r e  r e a s o n a b l e  a t  a r o u n d  10 % , s i n c e  
t h e y  u n a v o i d a b l y  c o n t a i n  a  c o n t r i b u t i o n  f r o m  t h e  s i g n a l  e r r o r s  o f  b o t h  
t h e  s t a n d a r d  a n d  t h e  s a m p l e .
T h e  a n a l y s i s  o f  h a y  p o w d e r  c o n c l u d e s  t h i s  s e c t i o n  r e l a t i n g  t o  p l a n t -  
b a s e d  m a t e r i a l s .  T i s s u e - b a s e d  m a t e r i a l s  a r e  d i s c u s s e d  n e x t .
5 . 5  T i s s u e - b a s e d  m a t e r i a l s
5 . 5 . 1 .  I n t r o d u c t i o n
A t t e m p t s  t o  a n a l y s e  v a r i o u s  a n i m a l  t i s s u e s  s u c h  a s  b l o o d ,  p l a c e n t a ,  
b r a i n ,  a n d  m u s c le  w e r e  m a d e .  ' D i f f i c u l t i e s  o f  a n a l y s i s  p r o v e d  
f o r m i d a b l e ,  a n d  t h e s e  a r e  d i s c u s s e d  i n  t h e  n e x t  s e c t i o n .  S u c c e s s f u l  
s t u d i e s  o f  N I S T  1 5 7 7  B o v i n e  L i v e r  a n d  C h i n e s e  R e f e r e n c e  H a i r  w e r e  a l s o  
u n d e r t a k e n  a n d  a r e  o u t l i n e d  i n  S e c t i o n s  5 . 5 . 3  a n d  5 . 5 . 4 .
5 . 5 . 2  D i f f i c u l t i e s  o f  a n a l y s i s
S p e c t r a  o f  t h e  a n a l y s i s  o f  b l o o d  a n d  p l a c e n t a  b y  L A - I C P - M S  a r e  g i v e n  
i n  F i g u r e s  102 a n d  1 0 3 .  T h e  f o r m e r  w a s  d e r i v e d  f r o m  a b l a t i o n  o f  I A E A  
A - 13 f r e e z e  d r i e d  a n i m a l  b l o o d  p r e s s e d  i n  a n  X R F  c u p :  t h e  l a t t e r  f r o m
a s e g m e n t  o f  p l a c e n t a  d r i e d  u n d e r  a n  i n f r a r e d  l a m p .  B o t h  s p e c t r a  w e r e  
o b t a i n e d  u n d e r  s t a n d a r d  c o n d i t i o n s  u s i n g  t e n  0 . 3  J  N  m o d e  s h o t s  p e r  
i n t e g r a t i o n .
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Table 32 : Analysis of IAEA V-10 Hay Powder by LA-ICP-MS
Element (isotope) LA-ICP-MS Soln. ICP-MS Certified
(Royset et al,1989)
Mg(26) 1357(140) 1690 1360
Al(27) 71.2(15.0) 45 47*
P (31) 2216(320) ND 2300
K (39) 10659(1949) ND 21000*
Ca(44) 21413(2100) 22300 21600
Cr(52) 4.3(0.9) 7 6.5
Fe(54) 180(35) 210 185
Mn(55) 56.3(5.1) 51 47*
Ni(58) 1.6(0.4) 4.7 4.0
Cu(63) 6.2(0.4) 9.9 9.4
Zn(66) 20.9(3.8) 26 24.0
Br(79) 8.7(0.9) ND 8.0
Rb(85) 5.4(0.4) ND 7.6
Sr(88) 37.3(4.7) 42 40.0
Mo(98) 1.2(1.3) 0.7 0.9
Ba(138) 5.4(0.8) 4.9 6.0
Pb(208) 1.4(0.2) 1.2 1.6
All concentrations in ug g-1, mean (standard deviation) 
* Non-certfified values; ND not determined 
Element-for-element calibration based on the certified 
values of NIST 1571 Orchard Leaves
Five 0.3 J N mode shots per integration (n«4), internal 
standardisation not used.
2 3 0
Figure 102: Spectrum showing responses at low mass obtained by the 
ablation of IAEA A-13 Animal Blood
13C integral = 1654 counts
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Figure 103: Spectrum showing responses at low mass obtained by the ablation of dried placenta
L a s e r - s a m p l e  c o u p l i n g  i s  n o t  a  p r o b l e m  w i t h  s u c h  m a t r i c e s ,  b u t  f i n d i n g  
a  s u i t a b l e  c a l i b r a t i o n  s t a n d a r d  i s  d i f f i c u l t .  A l t h o u g h  s u b s t a n t i a l  
i n t e g r a l s  o f  m a j o r  e l e m e n t s  ( N a ,  P ,  K ,  e t c . )  a r e  o b t a i n e d ,  c a l i b r a t i o n  
o f  p l a c e n t a  a g a i n s t  t h e  c e r t i f i e d  v a l u e s  o f  IA E A  A n i m a l  B l o o d  o r  N I S T  
1 5 7 7  B o v i n e  L i v e r  l e d  t o  e r r a t i c  r e s u l t s .  M a t r i x  m a t c h i n g  a p p e a r s  t o  
b e  c r i t i c a l  i n  t h i s  c a s e .
F r e e z e  d r i e d  p i g s  b r a i n  w a s  a l s o  s t u d i e d .  M u l t i p l e  a n a l y s e s  (n = 4 )  o n  
t h r e e  d i f f e r e n t  p e l l e t s  ( n o  b i n d e r  u s e d )  w e r e  o b t a i n e d .  T h e  i n t e g r a l s  
f o u n d ,  h o w e v e r ,  w e r e  a l w a y s  e r r a t i c ,  a n d  l a s e r - s a m p l e  c o u p l i n g  p o o r .
I t  s h o u l d  a l s o  b e  n o t e d  t h a t  a n a l y s i s  o f  t h e s e  m a t r i c e s  b y  s o l u t i o n  
n e b u l i s a t i o n  IC P -M S  i s  a l s o  d i f f i c u l t .  P r e l i m i n a r y  a t t e m p t s  a t  t h i s  
l e a d  t o  e r r a t i c  r e s u l t s  f o r  b o t h  p l a c e n t a  ( Y a d e g a r i a n ,  1 9 8 9 )  a n d  b r a i n  
(T h o m p s o n ,  1 9 8 8 ) .
S i m i l a r  p r o b l e m s  w e r e  f o u n d  i n  t h e  a t t e m p t e d  a n a l y s i s  o f  IA E A  A n i m a l  
M u s c le  H -4  a n d  IA E A  A n i m a l  B o n e  H - 5 . T h e  f o r m e r  h a s  b e e n  s u c c e s s f u l l y  
a n a l y s e d  b y  c o n v e n t i o n a l  IC P -M S  ( A b o u - S h a k r a  e t  a l . . ,  1 9 8 9 ) .
5 . 5 . 3  N I S T  1 5 7 7  B o v i n e  L i v e r
T h e  N I S T  h a v e  i s s u e d  t w o  B o v i n e  L i v e r  S t a n d a r d s  ( N I S T  1 5 7 7  a n d  1 5 7 7 a ) . 
T h e  p o s s i b i l i t y  o f  t h e  c a l i b r a t i o n  o f  o n e  o f  t h e s e  a g a i n s t  t h e  o t h e r  
s h o u l d  p r o v i d e  e x c e l l e n t  m a t r i x  m a t c h i n g  a n d  h e n c e  a c c u r a t e  a n a l y s e s .  
H o w e v e r ,  w h e n  s u c h  a n a l y s e s  w e r e  a t t e m p t e d ,  u s i n g  s a m p le s  m a d e  u p  i n  
t h e  u s u a l  w a y  w i t h  20 % w/w b i n d e r ,  v e r y  p o o r  d a t a  w e r e  o b t a i n e d .
T h i s  w a s  t h o u g h t  t o  b e  d u e  i n  p a r t  t o  i r r e g u l a r  a b l a t i o n  o f  t h e  1 5 7 7 a
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r e f e r e n c e  m a t e r i a l ,  s i n c e  t h e  a b l a t i o n  p i t s  i n  t h i s  m a t r i x  w e r e  n o t  a s  
w e l l  d e f i n e d  a s  t h o s e  i n  N I S T  1 5 7 7 .  A  f r e s h  d i s c  o f  N I S T  1 5 7 7 a  w a s  
m a d e , e m p l o y i n g  e x t e n s i v e  b a l l - m i l l i n g  (2 0  m i n u t e s )  i n  o r d e r  t o  
p r o d u c e  a m o r e  h o m o g e n e o u s  c o m p a c t .  A b l a t i o n  o f  t h i s  n e w  s a m p le  d i d  
n o t ,  h o w e v e r ,  i m p r o v e  t h e  a n a l y t i c a l  d a t a .  I t  w a s  n o t i c e a b l e  u n d e r  a n  
o p t i c a l  m i c r o s c o p e  t h a t  l o n g  f i l a m e n t s  o f  m a t e r i a l  w e r e  r e m o v e d  f r o m  
e a c h  a b l a t i o n  p i t .  T h u s  a c l e a r l y  d e f i n e d ,  r e p r o d u c i b l e ,  a b l a t e d  m a s s  
w a s  n o t  o b t a i n e d :  t h e  p r o t e i n  b e i n g  i n s u f f i c i e n t l y  b r o k e n  d o w n .
A s  a  r e s u l t  o f  t h e  a b o v e  d i f f i c u l t i e s ,  e l e m e n t - f o r - e l e m e n t  c a l i b r a t i o n  
o f  N I S T  1 5 7 7  a g a i n s t  t h e  C a n a d i a n  R e f e r e n c e  M a t e r i a l  L o b s t e r  
H e p a t o p a n c r e a s  ( T O R T - 1 )  w a s  t r i e d .  F i v e  0 . 3 5  J  N  m o d e  s h o t s  w e r e  u s e d  
p e r  i n t e g r a t i o n .  S i x t e e n  e l e m e n t s  a r e  c e r t i f i e d  i n  T O R T -1  (N R C , 
C a n a d a ) . O f  t h e s e  S n  a n d  H g  a r e  a t  l e v e l s  t o o  l o w  t o  a c t  a s  a  r e l i a b l e  
c a l i b r a t i o n .  T h e  r e m a i n i n g  e l e m e n t s  a r e  l i s t e d  i n  T a b l e  3 3 .  F o r  
c o m p a r i s o n  N A A  a n d  c o n v e n t i o n a l  IC P -M S  v a l u e s  a r e  a l s o  g i v e n .  T h i s  
a n a l y s i s  o f  1 5 7 7  B o v i n e  L i v e r  h a s  b e e n  p r e s e n t e d  e l s e w h e r e  (W a r d  e t  
a l . ,  1 9 8 9 c ) .
A c c u r a c y  i s  f a i r ,  b u t  p r e c i s i o n s  p o o r .  T h e  l a t t e r  m a y  b e  i m p r o v e d  b y  
b e t w e e n - r e p l i c a t e  i n t e r n a l  s t a n d a r d i s a t i o n  a s  w i l l  b e  s h o w n  l a t e r  
( f r o m  e x a m p le s  o f  t h e  a n a l y s i s  o f  m i l k  p o w d e r ) . T h e  c o n c e n t r a t i o n  f o r  
v a n a d i u m  a p p e a r s  e l e v a t e d ,  t h o u g h  t h i s  i s  c l o s e  t o  t h e  l i m i t  o f  
d e t e c t i o n  f o r  a  f u l l  m a s s  s c a n .  S e ,  C d  a n d  P b  a r e  r e l a t i v e l y  v o l a t i l e  
e l e m e n t s  a n d ,  a s  f o u n d  w i t h  o t h e r  m a t r i c e s ,  t h i s  s o m e t im e s  l e a d s  t o  a 
p o o r  c a l i b r a t i o n  d e s p i t e  t h e  f a c t  t h a t  t h i s  i s  a  c o m p a r a t i v e
t e c h n i q u e .  A l s o ,  t h e  S e  i s o t o p e  o f  m a s s  80 c a n n o t  b e  u s e d  b e c a u s e  o f
80 7 8
t h e  p r e s e n c e  o f  t h e  A r A r +  d i m e r .  C o n s e q u e n t l y  t h e  l e s s  a b u n d a n t  S e
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64 64h a s  t o  b e  u s e d .  T h e  i s o b a r i c  i n t e r f e r e n c e  o f  N i  o n  Z n  w a s  
n e g l i g i b l e .
T h e  a c c u r a c y  o f  t h e  F e  d e t e r m i n a t i o n  i s  p o o r ,  p o s s i b l y  d u e  t o  t h e  
p a r t i c u l a r  b i n d i n g  o f  t h i s  m e t a l  w i t h i n  t h e  c o m p le x  p r o t e i n s  o f  
a n i m a l  t i s s u e s  ( U n d e r w o o d ,  1 9 7 7 ) .  I t  i s  p o s s i b l e  t h a t  t h e  e x a c t  
p r o t e i n  s t r u c t u r e s  a r e  v e r y  i m p o r t a n t  w i t h  r e g a r d  t o  a b l a t i o n ,  a n d  
t h a t  t h i s  i s  t h e  r e a s o n  t h a t  N I S T  1 5 7 7  c o u l d  b e  c a l i b r a t e d  a g a i n s t  
T O R T -1  r a t h e r  t h a n  N I S T  1 5 7 7 a .
5 . 5 . 4  H um an h a i r
T w o  s u b s a m p le s  o f  C h i n e s e  R e f e r e n c e  H a i r ,  d e s i g n a t e d  S I N R  0 9 2 0  a n d  
0 6 2 1 ,  w e r e  p r e p a r e d  a s  u s u a l  w i t h  20 % w/w b i n d e r .  A  p e l l e t  o f  s i m i l a r  
m a t e r i a l ,  N IE S  5 H u m a n  H a i r ,  w a s  p r e p a r e d  f o r  u s e  a s  a  c a l i b r a t i o n  
s t a n d a r d .
T h e  r e s u l t s  o f  t h e  a n a l y s i s  o f  S I N R  0 9 2 0 ,  a n d  t h e  d e t a i l s  o f  t h e  
d e t e r m i n a t i o n  a r e  g i v e n  i n  T a b l e  3 4 .  A l s o  g i v e n  a r e  t h e  r e s u l t s  o f  t w o  
s e p a r a t e  s o l u t i o n  n e b u l i s a t i o n  IC P -M S  a n a l y s e s  u n d e r t a k e n  b y
T M
c o l l e a g u e s  a t  t h e  D e p a r t m e n t  o f  C h e m i s t r y  u s i n g  a  V G  P la s m a Q u a d  
( H a v e r c r o f t ,  1 9 8 9 ;  Y a d e g a r i a n ,  1 9 8 9 ) .
T h e  s o l u t i o n  w o r k  i n v o l v e d  a s h i n g  t h e  s a m p le s  a t  450 C  i n  a  G a l l e n k a m p  
m u f f l e  f u r n a c e ,  a n d  m a k in g  u p  t h e  f i n a l  s o l u t i o n  t o  1 % v / v  n i t r i c  
a c i d .  D u p l i c a t e  a n a l y s e s  o f  t h r e e  s e p a r a t e  p r e p a r a t i o n s  w e r e  a n a l y s e d .
C h r o m iu m ,  N i ,  Z n ,  H g ,  a n d  P b  c o n c e n t r a t i o n s ,  a s  d e t e r m i n e d  b y  I C P -M S ,  
a r e  a l l  l o w e r  t h a n  t h e  c e r t i f i e d  v a l u e s .  R e a s o n s  f o r  t h i s  h a v e  b e e n
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Table 34 : Analysis of Chinese Reference Hair SINR 0920 by
Laser Ablation ICP-MS
Element LA-ICP-MS Soln. ICP-MS 
Havercrof t 
(1989)
Soln ICP-MS 
Yadegarian 
(1989)
Cert if ied
Mg(24) 91(32) 80(7) 80.5(16.4) 75
Al (27) 16.1(4.6) 7.6(0.8) 7.8(1,4) 13.3
P (31) 145(60) 226(91) 129(22) 184
K(39) 9.1(5.3) ND ND 11.8
Ca(44) 668(203) 715(55) 807(266) 790
Cr(52) 2.0(0.8) 2.0(0.3) 2.4(1.1) 4.77
Mn (55) 2.7(0.7) ND 1.86(0.04) 2.94
Ni(60) 1.8(0.6) 0.9 Q0. 2) 2.16(0.05) 3.17
Cu(63) 26(12) 26(3) 20(5) 23
Zn(66) 108(38) 119(6) 124(31) 189
Sr(80) 3.2(1.2) 3.4(0.6) 3.99(0.48) 4.19
Ba(137) 5.5(2.8) 5.1(0.4) 4.40(0.04) 5.41
Hg(200) 1.7(0.8) 1.3(0.1) ND 2.16
Pb(206) 3.2(1.0) 3.3(0.2) 5.1(0.8) 7.2
All concentrations in ug g-1, mean (standard deviation)
ND : not determined
Full internal standardisation based on Fe(57) used. Element-for 
element calibration based on Japanese Reference Material Human 
Hair NIES 5
Six 0.3 J N mode shots used per integration (n-4)
2 3 6
d i s c u s s e d  a b o v e  i n  r e l a t i o n  t o  o t h e r  m a t r i c e s .  O t h e r w i s e  t h e  a g r e e m e n t  
b e t w e e n  a l l  f o u r  v a l u e s  i s  e n c o u r a g i n g .
T h e  r e s u l t s  o f  a  l a s e r  a b l a t i o n  IC P -M S  a n a l y s i s  (n = 4 )  o f  S IN R  0 6 2 1  a s  
a f u n c t i o n  o f  t h e  c e r t i f i e d  v a l u e s  a r e  s h o w n  i n  F i g u r e  1 0 4 .  L i k e w i s e ,  
r e s u l t s  o f  s o l u t i o n  n e b u l i s a t i o n  IC P -M S  a n a l y s e s  o f  t h i s  m a t e r i a l  a r e  
g i v e n  i n  F i g u r e s  105 & 1 0 6 .  T h e s e  w e r e  u n d e r t a k e n  b y  Y a d e g a r i a n  ( 1 9 8 9 )  
u s i n g  t h e  a s h i n g  t e c h n i q u e  p r e v i o u s l y  m e n t i o n e d ,  a n d  a  n i t r i c -  
p e r c h l o r i c  a c i d - h y d r o g e n  p e r o x i d e  d i g e s t i o n  p r o c e d u r e .  A g a i n ,  f a i r  
a g r e e m e n t  i s  f o u n d ,  t h e  sa m e e l e m e n t s  t e n d i n g  t o  s h o w  p o o r  a g r e e m e n t .
5 . 6  F o o d s t u f f s
5 . 6 . 1  N I S T  8 4 3 1 a  M ix e d  D i e t
A s  g i v e n  i n  t h e  R e p o r t  o f  A n a l y s i s ,  N I S T  M i x e d  D i e t  c o n t a i n s  a c o m p le x  
c o m b i n a t i o n  o f  f a t s  ( 9 . 5  % ) ,  s u g a r s  ( 2 8 . 3  %)  a n d  p r o t e i n  ( 1 9 . 1  % ) .
T h i s  i m p l i e s  t h a t  d i g e s t i o n  i s  r e q u i r e d  t o  a l l o w  s o l u t i o n  n e b u l i s a t i o n  
IC P -M S  a n a l y s i s .  S u c h  a n a l y s e s  h a v e  r e c e n t l y  b e e n  u n d e r t a k e n  (W a r d  e t  
a l . ,  1 9 8 9 c ) .
F o r  L A - I C P - M S ,  IA E A  M i x e d  H um an  D i e t  H -9  p r o v i d e s  a  g o o d  c a l i b r a t i o n  
s t a n d a r d .  S i n c e  b o t h  m a t e r i a l s  a r e  r a t h e r  p a l e ,  1 % w /w o f  h i g h  p u r i t y  
g r a p h i t e  w a s  a d d e d  t o  e a c h  m a t e r i a l ,  a l o n g  w i t h  t h e  u s u a l  20  % w/w
b i n d e r .  T h e  g r a p h i t e  i s  c e r t i f i e d  t o  c o n t a i n  <  0 . 0 1  u g  g - 1  o f  B ,  C a ,  
C u ,  Mg ,  T i ;  <  0 . 0 2  u g  g - 1  F e ;  <  0 . 1  u g  g - 1  Mg a n d  S i .  S p e c t r a  o b t a i n e d  
b y  t h e  a b l a t i o n  o f  p e l l e t s  o f  t h i s  m a t e r i a l  ( 1 0 0  % w/w g r a p h i t e )  w e r e  
e s s e n t i a l l y  i d e n t i c a l  t o  g a s  b l a n k s .  S i n c e  o n l y  1 % w/w o f  g r a p h i t e
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Figure 104: LA-ICP-MS versus certified values for Chinese Reference 
Hair
SINR 0621
LOG (Soln. iCP— MS values, ug g—1)
Figure 105: LA-ICP-MS versus solution ICP-MS values of Chinese 
Reference Hair (preparation by ash digest)
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Figure 106: LA-ICP-MS versus solution ICP-MS values of Chinese 
Reference Hair (preparation by wet digest)
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was used, contam ination le v e ls  were n e g lig ib le .
T w e n t y  0 . 1  J  N  m o d e  s h o t s  w e r e  u s e d  p e r  o n e  m i n u t e ,  f u l l  m a s s  s c a n
O ft
i n t e g r a t i o n .  F u l l  i n t e r n a l  s t a n d a r d i s a t i o n  w a s  u s e d  b a s e d  o n  M g . O f  
t h e  e l e m e n t s  c e r t i f i e d  i n  N I S T  8 4 3 1 a  A l ,  S e ,  a n d  C d  a r e  n o t  r e p o r t e d .  
T h e  f i r s t  o f  t h e s e  i s  n o t  g i v e n  i n  t h e  s t a n d a r d ,  t h e  o t h e r  t w o  a r e  a t  
t o o  lo w  a  l e v e l  t o  y i e l d  r e l i a b l e  c a l i b r a t i o n .
F i g u r e  107 s h o w s  t h e  r e m a i n i n g  d a t a .  I r o n  a n d  c h r o m iu m  s h o w  p o o r  
a g r e e m e n t  w i t h  c e r t i f i e d  v a l u e s .  T h e  r e a s o n s  f o r  t h i s  h a v e  p r e v i o u s l y  
b e e n  n o t e d .
5 . 6 . 2 .  N I S T  1 5 6 8  R i c e  F l o u r
B o t h  t h e  I A E A  a n d  t h e  N I S T  h a v e  p r o d u c e d  c h a r a c t e r i s e d  f l o u r s . T h e s e  
a r e  R e f e r e n c e  M a t e r i a l  V - 8  R y e  F l o u r  a n d  S t a n d a r d  R e f e r e n c e  M a t e r i a l  
1 5 6 8  R i c e  F l o u r ,  r e s p e c t i v e l y .  D e t e r m i n a t i o n s  o f  e l e m e n t s  i n  r i c e  
f l o u r  b a s e d  o n  t h o s e  o f  r y e  f l o u r  w e r e  a t t e m p t e d .
P r e p a r a t i o n s  w i t h  20 % w/w b i n d e r  a n d  1 % w/w g r a p h i t e ,  o r  s i m p l y  w i t h  
20 % w/w g r a p h i t e  p r o v e d  u n s u i t a b l e ;  t h e  c a l i b r a t i o n s  o b t a i n e d  b e i n g
o f  p o o r  q u a l i t y .  T h i s  i s  a  m a t e r i a l  o f  w h i c h  f u r t h e r  i n v e s t i g a t i o n  i s  
n e c e s s a r y .
5 . 6 . 3  M i l k  p o w d e r
5 . 6 . 3 . 1  I n t r o d u c t i o n
D i g e s t i o n  o f  m i l k  p o w d e r  f o r  a n a l y s i s  b y  s o l u t i o n  n e b u l i s a t i o n  IC P -M S  
i s  n o t  s i m p l e .  T h e  u s e  o f  n i t r i c  a c i d  f o r  w e t  a s h i n g  o f  i n f a n t  m i l k  
f o r m u l a e  i n  d i g e s t i o n  v e s s e l s  h a s  p r o v e d  d a n g e r o u s  d u e  t o  t h e  
p r o d u c t i o n  o f  e x p l o s i v e  c o m p o u n d s  d e r i v e d  f r o m  t h e  m i l k  f a t  c o n t e n t
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Figure 107: LA-ICP-MS versus certified values for NIST 8431a Mixed 
Diet
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( W a r d ,  1 9 8 7 c ) . A l t h o u g h  a n  a l t e r n a t i v e  t h r e e - s t a g e  o p e n  d i g e s t i o n  
p r o c e d u r e  h a s  r e c e n t l y  b e e n  d e v e l o p e d  (E m m e t t ,  1 9 8 8 ) ,  s u c h  m e t h o d s  m a y
l e a d  t o  a n a l y t e  l o s s ,  p a r t i c u l a r l y  o f  v o l a t i l e  e l e m e n t s ,  a n d  m a y
i n t r o d u c e  c o n t a m i n a t i o n  f r o m  r e a g e n t s  a n d  d i g e s t i o n  v e s s e l s .  T h e r e f o r e
t h e  p o s s i b i l i t y  o f  L A - I C P - M S  a n a l y s i s  o f  s u c h  m a t e r i a l s  i s  a n  
a t t r a c t i v e  o n e .
I n  t h i s  s e c t i o n  t h e  a n a l y s i s  o f  s t a n d a r d  r e f e r e n c e  m i l k  p o w d e r s  a n d  a 
n u m b e r  o f  i n f a n t  a n d  h o u s e h o l d  m i l k  p o w d e r s  i s  p r e s e n t e d .  Som e 
c o m p a r i s o n s  w i t h  d a t a  o b t a i n e d  b y  N A A  a r e  m a d e .
5 . 6 . 3 . 2  N I S T  1 5 4 9  a n d  IA E A  A l l  M i l k  P o w d e r
T e n  e l e m e n t s  i n  N I S T  SRM 1 5 4 9  N o n - F a t  M i l k  P o w d e r  w e r e  d e t e r m i n e d  b y  
L A - I C P - M S ,  E l e m e n t - f o r - e l e m e n t  c a l i b r a t i o n  w a s  b a s e d  o n  t h e  k n o w n  
c o n c e n t r a t i o n s  o f  e l e m e n t s  i n  IA E A  A l l  M i l k  P o w d e r .  D i s c s  o f  b o t h  
m a t e r i a l  w e r e  p r o d u c e d  b y  b a l l - m i l l i n g  e a c h  w i t h  g r a p h i t e .  T h e  f i n a l  
d i s c s ,  w h o s e  m a t e r i a l  w a s  o f  a  u n i f o r m  g r e y  a p p e a r a n c e ,  c o n t a i n e d  1 % 
w/w g r a p h i t e .  T h e  l a t t e r  w a s  a n  a i d  t o  l a s e r - s a m p l e  c o u p l i n g .
M e a n  c a l c u l a t e d  c o n c e n t r a t i o n s  (n = 4 )  a n d  s t a n d a r d  d e v i a t i o n s  a r e  g i v e n  
i n  T a b l e  3 5 .  R e s u l t s  c o m p a r e  f a i r l y  w e l l  w i t h  c e r t i f i e d  v a l u e s  o v e r  
f o u r  o r d e r s  o f  m a g n i t u d e .
A  s i m i l a r  a n a l y s i s  w a s  u n d e r t a k e n ,  t h i s  t i m e  e m p l o y i n g  20 % w/w b i n d e r  
a s  w e l l  a s  t h e  1 % w /w  g r a p h i t e .  T h e  IA E A  A l l  M i l k  P o w d e r  w a s  t h e n  
c a l i b r a t e d  a g a i n s t  t h e  N I S T  1 5 4 9  v a l u e s .  I f  m a t r i x  A  c a l i b r a t e s  m a t r i x  
B ,  t h e  r e v e r s e  m u s t  a l s o  b e  t r u e .  I n  t h i s  c a s e  t h e  m o t i v a t i o n  f o r  
o b t a i n i n g  d a t a  o n  A l l  w a s  t h a t  t h i s  m a t e r i a l  h a s  r e c e n t l y  b e e n
2 4 2
Table 35 : Analysis of NIST SRM 1549 Non-Fat Milk Powder 
by Laser ablation ICP-MS
Element (m/z) LA-ICP-MS 
Mean(standard dev.)
Cert ified(95% confidence limit) 
Non-cert if ied*
Na(23) 4334(361) 4970(100)
Mg(24) INT STD 1200(30)
Al(27) 0.40(0.19) 2*
P (31) 10246(1558) 10600(200)
Cl(35) 11140(1471) 10900(200)
K (39) 14645(1436) - 16900(300)
Ca(44) 8917(1079) 13000(500)
Fe(57) 0.73(0.92) 1.78(0.10)
Cu(63) 0.85(0.29) 0.7(0.1)
Zn(66) 39.8(12.0) 46.1(2.2)
Rb(85) 7.5(1.1) 11*
All concentrations in ug g-1, dry weight
INT STD: element used as an internal standard between sample and 
standard means
Element-for-element calibration based on IAEA All Milk powder 
Ten 1.0 J N mode shots used per integration.
2 4 3
a n a l y s e d  b y  c o n v e n t i o n a l  IC P -M S  (E m m e t t ,  1 9 8 9 ) .
T a b l e  36 c o m p a r e s  L A - I C P - M S ,  c o n v e n t i o n a l  IC P -M S ,  a n d  c e r t i f i e d  v a l u e s  
f o r  t e n  e l e m e n t s  i n  A l l .  I t  i s  i n t e r e s t i n g  t h a t  f o r  a f e w  e l e m e n t s ,  
M g , P ,  K ,  M n , t h e  a c c u r a c y  o f  t h e  L A - I C P - M S  t e c h n i q u e  i s  s u p e r i o r  t o  
t h a t  o b t a i n e d  w i t h  s a m p le  i n t r o d u c t i o n  b y  s o l u t i o n  n e b u l i s a t i o n .  O f  
n o t e ,  i s  t h e  a l m o s t  p e r f e c t  a g r e e m e n t  o f  t h e  f o u n d  M n v a l u e  w i t h  t h a t  
d e r i v e d  f r o m  a m u l t i - t e c h n i q u e  s t u d y  ( 0 . 2 5 7  u g  g - 1 )  b y  B y r n e  e t  a l .  
( 1 9 8 7 ) .  I t  a l s o  a p p e a r s  t h a t  t h e  d a t a  o f  t h i s  a n a l y s i s  a r e ,  o n  
a v e r a g e ,  c o m p a r a b l e  t o  t h o s e  o b t a i n e d  w i t h o u t  t h e  u s e  o f  a n y  b i n d e r .  
I t  i s  u n f o r t u n a t e  t h a t  n o  C r  v a l u e  c o u l d  b e  o b t a i n e d  ( T a b l e  3 6 ) s i n c e  
t h e  v a l u e  f o u n d  b y  E m m e tt  ( 1 9 8 8 )  w a s  h i g h e r  t h a n  t h e  n o n - c e r t i f i e d  
v a l u e ,  a n d  m u c h  g r e a t e r  t h a n  t h e  1 7 . 7  n g  g - 1  d e t e r m i n e d  b y  B y r n e  e t  
a l .  ( 1 9 8 7 )  .
5 . 6 . 3 . 3  I n f a n t  m i l k  f o r m u l a e  a n d  h o u s e h o l d  m i l k  p o w d e r s  
T w o  p r e p a r a t i o n s  o f  f o u r  i n f a n t  m i l k  f o r m u l a e  w e r e  i n v e s t i g a t e d  w i t h  a  
v i e w  t o  e s t a b l i s h i n g  a t e c h n i q u e  f o r  t h e  r a p i d  a n a l y s i s  o f  l o w  m a s s  
e l e m e n t s  b y  L A - I C P - M S .  T h e s e  i n c l u d e  e l e m e n t s  o f  b i o l o g i c a l  i m p o r t a n c e  
s u c h  a s  N a ,  A l ,  C l ,  K ,  C a ,  M n , C u  a n d  Z n .  A n a l y s i s  o f  t h e  f o u r  i n f a n t  
f o r m u l a e  p r e p a r e d  s i m p l y  b y  d r y i n g  a n d  p r e s s i n g  i n  X R F  c u p s  h a s  b e e n  
r e p o r t e d  e l s e w h e r e  a n d  i s  t h e r e f o r e  n o t  d i s c u s s e d  i n  g r e a t  d e t a i l  h e r e  
( D u r r a n t  e t  a l . ,  1 9 8 9 a ) .
T h e  f o u r  f o r m u l a e  w e r e :  M i l u p a  M i l u m i l  b a b y  m i l k ;  C ow  a n d  G a t e  P r e m iu m  
b a b y  m i l k  f o o d ;  W y e t h  P r o g r e s s  m o d i f i e d  m i l k  d r i n k ;  W y e t h  G o l d  C a p  Sma 
b a b y  m i l k - f o o d .  T a b l e  37 s h o w s  t h e  d a t a  o b t a i n e d ,  a n d  c o m p a r e s  t h e m  t o  
m a n u f a c t u r e r ' s  v a l u e s  a n d  t h o s e  o b t a i n e d  b y  IN A A  ( D u r r a n t  e t  a l . ,
2 4 4
Table 36 : Analysis of IAEA All Milk Powder by LA-ICP-MS
Element(m/z) LA-ICP-MS Soln. ICP-MS 
(Emmett.1988)
Certified © or 
Non-cert.*
Na(23) 5145(924) 3880(660) 4420(330)
Mg(24) 1153(234) 1410(110) 1100(80)
Al(27) 2.8(1.8) 3.0(0.3) 1.3*
P (31) 10704(2458) 14100(850) 9100(1020)
K (39) 17213(2871) 19100(1080) 17200(1000)
Ca(44) INT STD 13200(540) 12900(800)
Cr(52) TLS 1.3(0.1) 0.257*
Mn(55) 0.26(0.13) 0.189(0.013) 0.377(0.081)
Fe(57) 1,32(0.45) 6.54(0.03) 3.65(0.76)
Zn(66) 77.4(18.0) 39.4(1.3) 38.9(2.3)
All concentrations in ug g-1, mean (standard deviation) 
© Error in certified concentrations is 95 % confidence 
1 imit
INT STD : Ca(44) used as an internal standard between 
sample and standard means only (n-4)
Element-for-element calibration based on NIST 1549 milk 
powder. Ten 0.8 J N mod© shots per integration.
TLS : element present at too low a concentration to 
provide reliable calibration (0.0026 ug g-1).
2 4 5
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34s t a n d a r d i s a t i o n  b a s e d  o n  S . I n  t h e  g r e a t  m a j o r i t y  o f  c a s e s  so m e  g a i n  
i s  m a d e , t h o u g h  o c c a s i o n a l l y  p r e c i s i o n  d e t e r i o r a t e s .
S i m i l a r  a n a l y t i c a l  r e s u l t s  w e r e  o b t a i n e d  w h e n  t h e  f o r m u l a e  w e r e
p r e p a r e d  w i t h  1 % w/w g r a p h i t e  ( T a b l e  3 9 ) .  F u r t h e r  d e t a i l s  a r e  g i v e n  
e l s e w h e r e  ( D u r r a n t  e t  a l . ,  1 9 8 9 b ) . T h i s  sam e p r e p a r a t i o n  s t r a t e g y  i s  
s u c c e s s f u l  f o r  t h e  a n a l y s i s  o f  h o u s e h o l d  m i l k s .  D a t a  o b t a i n e d  f r o m  
f o u r  s u c h  p o w d e r s  a r e  g i v e n  i n  T a b l e  4 0 .
T h e  e l e m e n t s  N a ,  M g , A l ,  C l ,  a n d  K  i n  t h e  h o u s e h o l d  m i l k s  w e r e  a l s o
d e t e r m i n e d  b y  I N A A .  C o r r e l a t i o n s  b e t w e e n  L A - I C P - M S  a n d  IN A A  d a t a  f o r  
t h e s e  e l e m e n t s  s h o w s  f a i r  a g r e e m e n t  ( F i g u r e  1 0 8 )  . A s  T a b l e  41
i l l u s t r a t e s ,  l e v e l s  o f  t h e s e  e l e m e n t s  d e t e r m i n e d  b y  IN A A  i n  N I S T  1 5 4 9  
N o n - F a t  M i l k  P o w d e r  a r e  i n  e x c e l l e n t  a g r e e m e n t  w i t h  c e r t i f i e d  v a l u e s .
A l t h o u g h  t h e r e  i s  r o o m  f o r  i m p r o v e m e n t  i n  b o t h  a c c u r a c y  a n d  p r e c i s i o n ,  
p a r t i c u l a r l y  a t  m i n o r  a n d  t r a c e  l e v e l s ,  L A - I C P - M S  h a s  g r e a t  p o t e n t i a l  
i n  t h e  m u l t i e l e m e n t a l  a n a l y s i s  o f  m i l k  p r o d u c t s .
T a b l e  38 shows t h e  e f f e c t  on p r e c i s i o n  o f  b e t w e e n - r e p l i c a t e  i n t e r n a l
2 4 7
Table 38. Comparison of Precisions* With and Without Internal Standardisation (on 34S)
Milumil Premium Progress Sma
Without* Withb Without With Without With Without With
Na 23 0.27 0.10 0.22 0.10 0.37 0.11 0.23 0.09
Mg 26 0.36 0.17 0.31 0.15 0.48 0.16 0.32 0.15
Al 27 0.50 0.63 0.40 0.53 0.39 0.57 0.36 0.49
P 31 0.37 0.18 0.32 0.17 0.47 0.18 0.34 0.17
S 32 0.12 INT 0.10 INT 0.14 INT 0.10 INT
Cl 35 0.27 0.21 0.24 0.20 0.30 0.23 0.25 0.22
K 39 0.18 0.10 0.14 0.09 0.30 0.15 0.15 0.13
Ca 44 0.42 0.21 0.37 0.19 0.49 0.20 0.37 0.19
V 51 0.67 0.40 0.24 0.18 0.83 0.41 0.73 0.70
Mn 55 0.59 0.55 0.57 0.55 0.98 0.55 0.45 0.37
Cu 63 0.83 0.88 0.61 0.66 0.69 0.65 0.60 0.66
Zn 64 0.29 0.24 0.14 0.13 0.25 0.19 0.19 0.13
* (95% confidence limits/mean concentration)
* No internal standardisation
b Internal standardisation used
INT This element used for between-replicate internal standardisation
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Table 40 E lem ental concentrations (/igg-1, d ry  w eight) in  household m ilk
powders by L A -IC P -M S
Element m /z C adbury ’s
M arve l
C arnation
Coffee-mate
Spar
Spray—D ried 
Skimmed
C adbury’s
Coffee-
C om plim ent
Na 23 4895+547* 3590+536 4657+497 9264+1072
Mg 24 1324+203 48+9 1108+166 31+5
A l 27 1.5+0.3 10.2+1.3 1.7+0.3 13.7+1.9
P 31 9311+944 3606+627 10298+1323 4495+499
Cl 35 9681+1280 537+91 11263+1540 481+75
K 39 14160+1161 11780+1532 ; 14277+1221 441+36
Ca 44 10071+821 2078+398 10729+952 2266+278
V 51 0.01+0.005 0.02+0.01 0.01+0.005 0.06+0.02
Mn 55 0.02+0.005 0.05+0.01 0.10+0.03 0.06+0.01
Fe 57 0.21+0.04 0.52+0.18 0.75+0.14 0.46+0.10
Cu 63 0.002+0.002 0.03+0.03 0.16+0.18 0.06+0.05
Zn 66 25+5 13+7 88+40 9.1+3.2
* Mean (n = 4) ± standard error of mean
25 0
Household Milks
LOG (NAA values, ug g—1)
Figure 108: LA-ICP-MS versus NAA values for household milks
Table 41 Accuracy of the INAA Data
Element Isotope X-ray energy 
keV
NIST SRM 1549 
Determined Certified 
Concentration Concentration
Na 24Na 1369 5106 4970
Mg 27Mg 843 1159 1200
Al 28A1 1779 1.4 2*
Cl 38C1 1643 9284 10900
K 42R 1525 15639 16900
* non-certified 2 5 1
T h e  f e a s i b i l i t y  o f  t h e  a n a l y s i s  o f  a n u m b e r  o f  d i s p a r a t e  m e t a l l i c ,  
g e o l o g i c a l  a n d  b i o l o g i c a l  m a t r i c e s  b y  L A - I C P - M S  h a s  b e e n  a t t e m p t e d ,  
w i t h  v a r y i n g  d e g r e e s  o f  s u c c e s s .  I n t r a  a n d  i n t e r - a n a l y t i c a l  
c o m p a r i s o n s  h a v e  b e e n  g i v e n  w h e r e v e r  p o s s i b l e .
A n  e v a l u a t i o n  o f  t h e s e  a p p l i c a t i o n s ,  t h e  f u n d a m e n t a l  s t u d i e s  d e s c r i b e d  
e a r l i e r ,  a n d  t h e  c u r r e n t  a n d  f u t u r e  p r o s p e c t s  o f  l a s e r  a b l a t i o n  IC P -M S  
i s  g i v e n  i n  t h e  f i n a l  c h a p t e r .
5 . 7  Summary
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CHAPTER 6
25  3
6 .0  D IS C U S S IO N
6 . 1  C u r r e n t  s t a t u s  o f  L A - I C P - M S
T h i s  w o r k  h a s  i l l u s t r a t e d  t h a t  t h e  q u a n t i t a t i v e  m u l t i e l e m e n t a 1 
a n a l y s i s  o f  a  d i v e r s e  r a n g e  o f  s o l i d  m a t r i c e s  i s  p o s s i b l e .  S u c h
m a t r i c e s  i n c l u d e  m e t a l s ,  s o i l s ,  s e d i m e n t s ,  a n d  l e a f  m a t e r i a l .  T h o u g h  
n o t  a s  e a s i l y  a c c o m p l i s h e d ,  so m e  s u c c e s s f u l  d e t e r m i n a t i o n s  o f
e l e m e n t a l  c o n c e n t r a t i o n s  i n  r o c k s ,  a n i m a l  t i s s u e  a n d  f o o d s t u f f s ,  h a v e  
a l s o  b e e n  m a d e .
I n  a d d i t i o n ,  a l t h o u g h  f u l l  r e p o r t s  h a v e  n o t  y e t  r e a c h e d  t h e  s c i e n t i f i c  
l i t e r a t u r e ,  o t h e r  w o r k e r s  h a v e  a l s o  h a d  s u c c e s s  i n  t h e  a n a l y s i s  o f  
m a t r i c e s  s u c h  a s  p o l y t h e n e  ( T y e  e t  a d . ,  1 9 8 9 ) ,  g l a s s e s  (V G  E l e m e n t a l ,  
1 9 8 7 ) ,  a n d  c e r a m i c s  ( O g u r o  e t .  a l . ,  1 9 8 8 ) .  R e s u l t s  o f  t h e s e  s t u d i e s  a r e  
s u m m a r is e d  i n  T a b l e s  42 t o  4 4 .
I t  i s  c l e a r  f r o m  t h i s  s t u d y  t h a t  t h e  a d v a n t a g e s  o f  L A - I C P - M S  o v e r
s i m i l a r  t e c h n i q u e s  w i l l  d e p e n d  u p o n  t h e  m a t r i x  a n a l y s e d ,  t h e  e l e m e n t s
o f  i n t e r e s t ,  a b l a t i o n  p a r a m e t e r s ,  o p e r a t i n g  c o n d i t i o n s ,  e t c .  
A l t e r n a t i v e  t e c h n i q u e s  s u c h  a s  L A - I C P - O E S  g e n e r a l l y  h a v e  i n f e r i o r  
d e t e c t i o n  l i m i t s  ( b y  a b o u t  o n e  t o  t h r e e  o r d e r s  o f  m a g n i t u d e ) .
I n t e r n a l  s t a n d a r d i s a t i o n  b e t w e e n  s t a n d a r d  a n d  s a m p le  i s  o f t e n  n e e d e d  
t o  a c h i e v e  r e a s o n a b l e  a c c u r a c y .  B e t w e e n - r e p l i c a t e  i n t e r n a l  
s t a n d a r d i s a t i o n  c a n  u s u a l l y  i m p r o v e  p r e c i s i o n s ,  t h o u g h  L A - I C P - O E S  m a y  
s o m e t im e s  b e  s u p e r i o r  i n  t h i s  r e g a r d .  F o r  e x a m p l e ,  p r e c i s i o n s  o f  0 . 3 -  
2 . 0  % h a v e  b e e n  a c h i e v e d  i n  t h e  a n a l y s i s  o f  m e t a l s  b y  t h i s  t e c h n i q u e
( I s h i z u k a  & U w a m in o ,  1 9 8 3 ) .
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Table 42 : Determination of Nickel in Polythene by
Laser Ablation ICP-MS 
(Tye ^  al. . 1989)
Nomina 1 XRF LA-ICP-MS
191 204 203.5
153 162 174
0 - 1
230 210 207.5
76.5 80 84
Table 43 : Analysis if NIST 612 Glass by 
Laser Ablation ICP-MS 
fVG Elemental, 1987)
Element Certif ied Found (RSD %)
Rb 31.4 44.6 (7.9)
Sr 78.4 131.26 (3.34)
Ag 22.0 24.6 (5.18)
Pb 38.57 32.8 (9.03)
Th 37.79 37.8 (7.69)
U 37.38 35.5 (5)
All concentrations in ug g-1
2 5 5
Table 44 : Determination of Rare Earth Elements 
in SirsN* by Laser Ablation ICP-MS 
(Oguro e£ aj_. . 1988)
Element Solution Nebulisation 
ICP-MS
Laser Ablation ICP-MS 
(Semiquantitative)
Co 4.9 2.6
Pr 0.6 0.3
Nd 1.5 1.5
Sra 0.3 0.2
Eu 0.03 0.02
Gd 0.3 0.2
Tb 0.03 0.05
Dy 0.2 0.1
Ho 0.02 0.03
Er 0.08 0.09
Tm <0.001 0.02
Yb 0.06 0.09
Lu <0.002 0.01
All concentrations in ug g-1: Sample JCRM C 005
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W h e n  r a p i d  a n a l y s i s  i s  r e q u i r e d ,  a t  a c c u r a c i e s  o f  a b o u t  50 % , d o w n
t o  t h e  u g  g - 1  l e v e l ,  L A - I C P - M S  i s  a p a r t i c u l a r l y  s u i t a b l e  c h o i c e .  T h e  
a d v a n t a g e  o f  a n a l y s i s  w i t h o u t  t h e  n e e d  f o r  t i m e  c o n s u m in g  s a m p le  
p r e p a r a t i o n  s h o u l d  n o t  b e  u n d e r v a l u e d .  R a p i d  q u a l i t a t i v e  a n a l y s i s  i s  
a l s o  u s e f u l  i n  m a n y  i n s t a n c e s .  G r e a t e r  a c c u r a c y ,  f o r  e x a m p le  f o r  t h e  
m a j o r  e l e m e n t s  c a n  b e  o b t a i n e d  b y  X R F . H o w e v e r ,  i t  h a s  b e e n  s h o w n  t h a t  
w i t h  c a r e  m a n y  m a t r i c e s  c a n  b e  a n a l y s e d  w i t h  a c c e p t a b l e  a c c u r a c y  b y  
L A - I C P - M S .  M o r e o v e r ,  m o s t  o f  t h e  a n t i c i p a t e d  a n a l y t i c a l  a d v a n t a g e s  a r e  
r e a l i s e d  i n  p r a c t i c e .  I n  r e a l  a n a l y s e s  q u a n t i t a t i o n  l i m i t s  c a n  
a p p r o a c h  t h o s e  o b t a i n a b l e  b y  s o l u t i o n  n e b u l i s a t i o n  I C P -M S .
L A - I C P - M S  i s  a n  a c t i v e  r e s e a r c h  a r e a  a s  w i t n e s s e d  b y  a  g r o w i n g  n u m b e r  
o f  c o n f e r e n c e  p r e s e n t a t i o n s .  F o r  e x a m p l e ,  a  c o m p le t e  m o r n i n g  s e s s i o n  
w a s  d e v o t e d  t o  t h i s  t e c h n i q u e  a t  T h e  T h i r d  S u r r e y  C o n f e r e n c e  o n  P la s m a  
S o u r c e  M a s s  S p e c t r o m e t r y ,  h e l d  a t  G u i l d f o r d  i n  J u l y  1 9 8 9 .
I t  i s  a l s o  o f  i m p o r t a n c e  t h a t  t w o  c o m m e r c i a l  l a s e r  a b l a t i o n  IC P -M S  
s y s t e m s  a r e  n o w  a v a i l a b l e ,  g i v i n g  w i d e r  a c c e s s  t o  t h e  t e c h n i q u e  a n d  
e n s u r i n g  t h a t  i t  i s  n o t  u s e d  s i m p l y  a s  a  r e s e a r c h  t o o l .  C u s t o m e r  
f e e d b a c k  c a n  a l s o  b e  e x p e c t e d  t o  l e a d  t o  im p r o v e m e n t s  i n  d e s i g n .
T h e  P e r k i n - E l m e r  S c i e x  IC P -M S  l a s e r  a b l a t i o n  s y s t e m  i s  b a s e d  o n  a 
N d :Y A G  l a s e r  w h i c h  h a s  a b e a m  d i a m e t e r  i n  t h e  r a n g e  2 0 - 5 0 0  um  ( P e r k i n -  
E l m e r ,  N o r w a l k ,  C T ) . T h e r e  i s  a n  o p t i o n  t o  a l l o w  f o c u s i n g  t o  5 um i f  
r e q u i r e d .  S i n g l e  o r  m u l t i p l e  s h o t s ,  u p  t o  a  r e p e t i t i o n  r a t e  o f  10 H z ,  
c a n  b e  p r o d u c e d .  A  v i d e o  c a m e r a  a l l o w s  v i e w i n g  o f  t h e  s a m p l e .
A  s i m i l a r  s y s t e m  b a s e d  o n  t h e  sa m e  t y p e  o f  l a s e r  i s  a l s o  a v a i l a b l e
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f r o m  V G  E l e m e n t a l  (V G  L a s e r l a b  s o l i d  s a m p l i n g  s y s t e m :  V G  E l e m e n t a l ,
W i n s f o r d ,  C h e s h i r e ,  E n g l a n d ) . F i x e d  Q o r  Q - s w i t c h e d  p u l s e s  m a y  b e  u s e d  
a t  a r e p e t i t i o n  r a t e  o f  u p  t o  15 H z .  T h e  l a s e r  b e a m  s p o t  s i z e  c a n  b e  
b e t w e e n  10 a n d  300 urn d i a m e t e r .
6 .2  F u t u r e  p r o s p e c t s  f o r  L A - I C P - M S
O f  i m m e d ia t e  c o n c e r n  i s  t h e  n e e d  t o  d e v e l o p  p r o t o c o l s  f o r  t h e  a n a l y s i s  
o f  d i f f i c u l t  m a t r i c e s  s u c h  a s  r o c k s  a n d  a n i m a l  t i s s u e s .  D i f f i c u l t i e s  
r e s u l t  f r o m  a n u m b e r  o f  f a c t o r s ,  a n d  t h e s e  r e q u i r e  f u r t h e r  
e x a m i n a t i o n .  P o s s i b l e  a p p r o a c h e s  a r e  o u t l i n e d  b e l o w .
Im p r o v e m e n t  i n  s a m p le  p r e p a r a t i o n ,  f o r  e x a m p le  o f  r o c k s ,  i s  o n e  a r e a  
w o r t h y  o f  i n v e s t i g a t i o n .  V e r y  f i n e  m i l l i n g  o f  r o c k s  m a y  o b v i a t e  t h e  
p r o b l e m  o f  s a m p le  i n h o m o g e n e i t y  e n c o u n t e r e d  w i t h  s u c h  m a t e r i a l s ,  b u t  
a t  t h e  c o s t  o f  t h e  i n c r e a s e d  p r o b a b i l i t y  o f  c o n t a m i n a t i o n  a n d  g r e a t e r  
p r e p a r a t i o n  t i m e .  D i f f e r e n t  b i n d e r s ,  a n d  d i l u t i o n  f a c t o r s ,  m a y  a l s o  b e  
m o r e  a p p r o p r i a t e  f o r  p a r t i c u l a r  m a t e r i a l s .  H o w e v e r ,  p r e l i m i n a r y  
a t t e m p t s  t o  d i l u t e  d i f f e r e n t  m a t r i c e s  w i t h  b i n d e r ,  t o  s u c h  a n  e x t e n t  
t h a t  t h e  b i n d e r  f o r m e d  t h e  p r i m a r y  m a t r i x ,  d i d  n o t  a l l o w  c a l i b r a t i o n  
o f  f u n d a m e n t a l l y  d i f f e r e n t  m a t r i c e s  a g a i n s t  e a c h  o t h e r .
L a s e r - s a m p l e  c o u p l i n g  c a n  b e  i m p r o v e d  b y  t h e  a d d i t i o n  o f  a p p r o p r i a t e  
m a t e r i a l s  t o  t h e  s a m p le s  a n d  s t a n d a r d s .  T h i s  i s  i l l u s t r a t e d  b y  t h e  
s u c c e s s f u l  a n a l y s i s  o f  m i l k  p o w d e r  g i v e n  i n  C h a p t e r  5 .
I t  h a s  b e e n  n o t e d  i n  t h i s  w o r k  t h a t  N d : Y A G  l a s e r s  m a y  b e  m o r e  s u i t a b l e  
f o r  L A - I C P - M S  t h a n  t h e  r u b y  u s e d  h e r e  d u e  t o  t h e i r  g r e a t e r  r e p e t i t i o n  
r a t e .  T h e r e  a r e  o t h e r  p o s s i b i l i t i e s  w h i c h  h a v e  s o  f a r  r e c e i v e d  n o
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d i r e c t  a t t e n t i o n .  F o r  e x a m p l e ,  a n  e x c i m e r  l a s e r  h a s  b e e n  u s e d  f o r  
s o l i d  s a m p l i n g  i n  L A - I C P - O E S  ( T r e m b l a y  e t  a l . ,  1 9 8 7 ) . S u c h  a l a s e r  c a n  
a b l a t e  o r g a n i c  m a t e r i a l s  w i t h  g r e a t  p r e c i s i o n  ( Z n o t i n s  e t  a l . ,  1 9 8 7 ) .  
C o n s e q u e n t l y ,  i t  m a y  p r o v i d e  t h e  u l t i m a t e  p e r f o r m a n c e  f o r  t h e  a n a l y s i s  
o f  o r g a n i c  m a t e r i a l s  b y  L A - I C P - M S .
O w in g  t o  t h e  l a r g e  n u m b e r  o f  p a r a m e t e r s  i n v o l v e d ,  s y s t e m  o p t i m i s a t i o n  
h a s  b e e n  s h o w n  t o  b e  b o t h  t e d i o u s  a n d  c o m p le x .  D e s p i t e  t h i s ,  m e t h o d s  
o f  a c h i e v i n g  so m e  s p e c i f i c  a n a l y t i c a l  a d v a n t a g e s  h a v e  b e e n  r e a l i s e d ,  
f o r  e x a m p l e ,  i n  s t u d i e s  o f  t h e  a d d i t i o n  o f  m ix e d  g a s e s  t o  t h e  IC P  g a s  
f l o w s .  I t  r e m a i n s  t o  b e  t e s t e d  w h e t h e r  s u c h  a d v a n t a g e s  c a n  b e  r e a l i s e d  
i n  a c t u a l  a p p l i c a t i o n s .
T r a c e  a n d  u l t r a t r a c e  a n a l y s i s  r e q u i r e  f u r t h e r  i n v e s t i g a t i o n  w i t h  a 
v i e w  t o  i m p r o v i n g  b o t h  a c c u r a c y  a n d  p r e c i s i o n .  G r e a t e r  s e n s i t i v i t y  i s  
r e q u i r e d  i f  m u l t i e l e m e n t  u l t r a t r a c e  a n a l y s i s  i s  d e s i r e d .  T h e  
d i f f i c u l t i e s  o f  c a l i b r a t i o n  a r e  e x a c e r b a t e d  i n  s u c h  c a s e s  b y  a l a c k  o f  
s t a n d a r d s  c o n t a i n i n g  c e r t i f i e d  v a l u e s  a t  t h e  n a n o g r a m  a n d  s u b -n a n o g r a m  
l e v e l .
D i r e c t  c a l i b r a t i o n  a g a i n s t  t h e  s a m p le  m a t r i x  i s  a n  a t t r a c t i v e  
p o s s i b i l i t y ,  b y - p a s s i n g  t h e  n e e d  f o r  e x t e r n a l  c a l i b r a t i o n  ( M o c h i z u k i  
e t  a l . ,  1 9 8 8 b ) . U s e  o f  i n s t r u m e n t a t i o n  c a p a b l e  o f  r a p i d  s w i t c h i n g  f r o m  
p u l s e  c o u n t i n g  t o  a n a l o g u e  d e t e c t i o n  m a y  f a c i l i t a t e  s u c h  c a l i b r a t i o n  
( W a ls h  & H u t t o n ,  1 9 8 9 ) . ( I n t e g r a l s  o f  m a t r i x  e l e m e n t s  a r e  t y p i c a l l y  
s a t u r a t e d  w h e n  t h e  m o r e  s e n s i t i v e  p u l s e  c o u n t i n g  m o d e  i s  u s e d ) .
T o  d a t e  v e r y  l i t t l e  a t t e n t i o n  h a s  b e e n  g i v e n  t o  t h e  m i c r o p r o b e
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c a p a b i l i t i e s  o f  L A - I C P - M S .  T h e r e  a r e  m a n y  o t h e r  s u c c e s s f u l  t e c h n i q u e s  
i n  t h i s  a r e a  ( M o e n k e - B l a n k e n b u r g ,  1 9 8 9 ) ,  b u t  L A - I C P - M S  m a y  s t i l l  p r o v e  
s u i t a b l e  o r  e v e n  s u p e r i o r  f o r  p a r t i c u l a r  i n v e s t i g a t i o n s .
S i m i l a r l y ,  t h e  c a p a b i l i t y  o f  d e t e r m i n i n g  i s o t o p i c  i n f o r m a t i o n  i s  a 
v a s t  a r e a  w h i c h  i s  r i p e  f o r  d e v e l o p m e n t .
T h e  s p e c i f i c  a d v a n t a g e  o f  r e d u c e d  i n t e r f e r e n c e s ,  o b t a i n a b l e  b y  L A - I C P -  
M S , i s  b e i n g  m a t c h e d  b y  t h e  d e v e l o p m e n t  o f  h i g h - r e s o l u t i o n  IC P -M S  
( B r a d s h a w  e t  a l . . ,  1 9 8 9 )  . T h e  l a t t e r  e n a b l e s  m a s s e s  o f  i n t e r e s t  t o  b e
r e s o l v e d  f r o m  s p e c t r a l  i n t e r f e r e n c e s .  E v e n  s o ,  i t  i s  u n l i k e l y  t h a t  
t h i s  t e c h n i q u e  w i l l  b e c o m e  w i d e l y  a v a i l a b l e  u n l e s s  i t s  c a p i t a l  c o s t ,  
p o s s i b l y  s e v e r a l  t i m e s  t h a t  o f  a  c o n v e n t i o n a l  c o m m e r c i a l  IC P -M S  
s y s t e m ,  c a n  b e  s u b s t a n t i a l l y  r e d u c e d .
I t  c a n  b e  e x p e c t e d  t h a t  a  g r e a t e r  t h e o r e t i c a l  u n d e r s t a n d i n g  o f  t h e  
a b l a t i o n  p r o c e s s ,  s a m p le  t r a n s p o r t ,  v o l a t i l i s a t i o n  a n d  i o n i s a t i o n  
p r o c e s s e s  w i l l  a c c o m p a n y  w i d e r  e x p e r i e n c e  o f  t h e  a n a l y s i s  o f  d i f f e r e n t  
s o l i d  m a t r i c e s .  A n a l y t i c a l  p e r f o r m a n c e  m a y  c o n s e q u e n t l y  b e  i m p r o v e d .  
I n  s p i t e  o f  i t s  r e l a t i v e  y o u t h ,  L A - I C P - M S  p r o m i s e s  t o  b e c o m e  a n  
i m p o r t a n t  a d d i t i o n  t o  t h e  a r m o u r y  o f  t h e  a n a l y t i c a l  c h e m i s t .
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